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PUBLICATION DISSERTATION OPTION

This dissertation was prepared in the style utilized by the Journal of the Amer-

ican Ceramic Society. T he introduction and literature review present pertinent information on t he effects of solid solution on thermal properties, focusing on the Mg0Ah03 and the Mg0-Ah0 3-Ga20 3 systems. Paper one (Page 48 - 85) was submitted
for publication in April 2012 in the Journal of the American Ceramic Society under
the title "Solid Solution Effects on the Thermal Properties in the MgAl204-MgGa204
System." Paper two (Page 86 - 122) will be submitted to the Journal of the American

Ceramic Society for publication as two manuscripts. The first will focus on defining the metastable region on the Ah0 3 rich side of the diagram. The second will
focus on the implications the metastable region has to the phase equilibria and proposed changes to the phase diagram. Paper three (Page 123 - 145) entit led "Thermal
Properties of t he MgAl20 4-Ab0 3 System," will be submitted to the Journal of the

American Ceramic Society for publication.
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ABSTRACT

Solid solution formation in spinel based systems proved to be a viable approach
to decreasing thermal conductivity. Samples with systematically varied additions of
MgGa204 to MgAb04 were prepared and thermal diffusivity was measured using
the laser flash technique. Additionally, heat capacity was measured using differential
scanning calorimetry and modeled for the MgAl 20 4-MgGa20 4 system. At 200°C
thermal conductivity decreased 24% with a 5 mol% addition of MgGa 20 4 to the
system. The solid solution continued to decrease the thermal conductivity by 13% up
to 1000°C with 5 mol% addition. The decrease in thermal conductivity ultimately
resulted in a decrease in heat flux when applied to a theoretical furnace lining, which
could lead to energy savings in industrial settings.
The MgAl 20 4-Ab0 3 phase equilibria was investigated to fully understand the
system and the thermal properties at elevated temperatures. The solvus line between
MgAl 20 4 and Ab0 3 has been defined at 79.6 wt% Al 2 0 3 at 1500°C, 83.0 wt% Ab0 3
at 1600°C, and 86.5 wt% Al 20 3 at 1700°C. A metastable region has been identified
at temperatures up to 1700°C which could have significant implications for material
processing and properties. The spinel solid solution region has been extended to form
an infinite solid solution with Ab0 3 at elevated temperatures. A minimum in melting
at 1975°C and a chemistry of 96 wt% Al 20 3 rather than a eutectic is present.
Thermal properties in the MgAb0 4-Ab0 3 system were investigated in both
the single phase solid solution region and the two phase region . The thermal diffusivity
decreased through the MgAh0 4 solid solution region and was at a minimum through
the entire metastable (nucleation and growth) region. As Ab0 3 became present as
a second phase the thermal diffusivity increased with Ab0 3 content. There was an
11.7% increase in thermal diffusivity with a change in overall chemistry of 85.20 wt%
Ah03 to 87.71 wt% Ah03, due to the drastic change in final chemistry (38.3 wt%
Al 20 3) caused by the nucleation and growth region in the system.
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1. INTRODUCTION

The goal of this project is to modify the thermal properties of spinel (MgAb04)
without negatively altering other key properties. The magnesia-alumina binary phase
system includes materials used in industrial applications including catalyst-supports,
refractories, abrasives, transparent, and radiation-tolerant ceramics. l-7 Modifying the
thermal properties of spinel based ceramics has the potential to reduce energy loss
during material production, leading to great savings. The ongoing research being
conducted will be of particular interest for the furnaces and process vessels used in
the steel, aluminum, chemical, forest products, and glass industries .
The spinel structure is investigated because of its extensive use in industrial
applications and it readily forms solid solutions with other materials. Previous studies have shown that the inversion parameter for MgAb0 4 can be altered by simply
changing the sintering temperature and duration. 8 However, it was also determined
that above 925°C the redistribution of cations occurs so quickly that even samples
quenched above 925°C result in an equilibrium distribution of cations similar to those
quenched from 925°C. The level of inversion for MgAb0 4 is known to approach 30%. 9
While the focus of this research was not on the inversion parameter, it is an important
aspect to be considered in regard to the complexity of MgAb0 4.
The effect of solid solution formation on thermal properties was studied for this
dissertation. Thermal diffusivity of solid solutions between MgAh04 and MgGa204
was investigated using the laser flash technique. Additionally, the variation of heat
capacity due to solid solution formation was also studied. Various compositions were

2
investigated to determine how the extent of solid solution formation effects the thermal properties.
This study also focused on the Mg0-Al 2 0 3 system, and the extensive MgAb0 4
solid solution region.

The Mg0-Ab0 3 system has been studied extensively, and

several phase diagrams have been proposed and modified since the beginning of the
20th Century. Initial testing showed potential for extending the solid solution region
on the Al 2 0 3 rich side of the MgAb0 4 solid solution region. Results from the original
tests led to a study focusing on determining the extent of solid solution of Ab0 3
in MgAl 2 0 4 by monitoring remaining Ah0 3 as well as the change in the lattice
parameter in MgAb0 4 . Additionally a kinetic study was performed to determine the
amount of time required for Ah0 3 to go into solution.
Nonstoichiometric MgAh0 4 with various additions of Al2 0 3 was also studied
to determine the effect on thermal properties. Two hypotheses were made leading to
this investigation: 1. the addition of either MgO or A~ 0 3 to form solid solution in the
MgAl2 0 4 region should decrease the thermal conductivity of MgAl2 0 4 and 2. crossing
into the two phase region where small precipitates of either excess MgO or Al2 0 3 are
present could lead to a further decrease in thermal conductivity before increasing with
A~

0 3 content.

3

2. LITERATURE SURVEY

The magnesia-alumina (Mg0-Al 2 0 3 ) binary phase system includes materials used in industrial applications including catalyst-supports, refractories, abrasives, transparent, and radiation-tolerant ceramics. l - T One stable compound, spinel
(MgAb0 4 ), exists in the system which forms extensive solid solutions with A 2 0 3 and
MgO . The Mg0-Ah0 3 system is ideal for studying the effect of solid solution on
thermal properties because of its extensive solid solution behavior within the system
as well as other oxides .

2.1. SPINEL
The term spinel is often confused because it refers to both a material that has
the spinel structure (AB 2 X 4 or B(AB)X4 ) and the compound spinel (MgAb0 4 ) . In
general spinel is described to be in the form AB 2 X 4 , where A represents the cation
that fills 1/8 of the tetrahedral sites and B represents the cation that fills 1/2 the
octahedral sites, and X is in a close packed arrangement. The mineral spinel in its
natural form is a gemstone that has a mohs hardness of 7.5-8.0. Hundreds of materials
with different chemistries taking the spinel form have been discovered. While it would
be difficult to compose a list of all chemistry variants in the spinel form , many have
studied various spinels extensively. The anion, X , can be 0 , Si, Se, Te , S and N.
Spinel nitrides are of interest as semiconductors and have been studied extensively by
Ching in 2002 to predict the structure and properties of 39 different spinel nitrides.
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Ching et. al. has compiled a comprehensive list of the nitride spinels. 10 Many others
that have published extensive lists of various materials that have crystallized with
the spinel structure. 11 - 14 Table 2.1 contains a list of oxide spinels that include either
Mg2+ or Al3+ as one of the cations.

Table 2.1. Narrowed list of oxide spinels with either Mg 2+ or Al 3+ as one of the
cations. The ionic radii of Mg 2+ and Al 3+ are listed next to MgAh0 4 with the ionic
radius of the other cation in each spinel listed next to each compound
Predominantly Normal
MgAh0 4 (0.66, 0.51)
MgTi204 (0 .76)
MgV20 4 (0.74)
MgCr204 (0.63)
MgMn204 (0.66)
MgRh204
MgCo204 (0.63)
CuAh04 (0 .72)
ZnAl 20 4 (0.74)
MnAh04 (0.80)
FeAh0 4 (0.74)
CoAh04 (0.63)
BaAh04 (1.34)

Predominantly Inverse
MgGa204 (0 .64)
Mgln204 (0.81)
MgFe20 4 (0.64)
MgMn204 (0.66)
CdAl204 (0.97)
NiAh0 4 (0.69)

Close packed oxygen anions result in octahedral and tetrahedral voids in the
spinel unit cell. The radius of the octahedral void has been calculated based on
the oxygen close packed structure and was found to be 0.547 A, which represents
the largest cation that will fit in the octahedral site in the spinel structure without
distortion. The radius of the tetrahedral void has also been calculated based on the
oxygen close packed structure and was found to be 0.297A. Similarly, this represents
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the largest cation that will fit in t he tetrahedral site in the spinel structure. The fully
narrowed list of spinels considered for experimentation can be found in Table 2.2.

Table 2.2. Spinels considered for experimentation
Predominantly Normal
MgCr204
MgMn204
CuAh04
ZnAl20 4
FeAh04

Predominantly Inverse
Mg204
Mgin204
MgGa204

Spinel compounds used in refractory applications must have high melt ing ternperatures. Additionally, while it is assumed that all of these spinels will readily form
a solid solution with MgAl20 4, t here are often no reported phase diagrams between
MgAb0 4 and many of the spinels listed, so there is interest in determining t he extent
of solid solution and the effect t hat it may have on properties.
2.1.1. Crystallography.

Magnesium aluminate spinel is the parent com-

pound of the spinel group and was first studied independently by Nishikawa 15 and
Bragg 16 in 1915. The structure, Figure 2.1, was first reported with all of the Mg2+
cations on tetrahedral sites and all of the Al3+ cations on octahedral sites within a
Face Center Cubic (FCC) Bravais lattice. Spinel exhibits the F43m space group, 17
however, the simpler Fd3m is usually used. 13 T he oxygen ions form a cubic closepacked (ccp) spatial arrangement. T he MgAb0 4 unit cell consists of eight formula
units making a total of 56 atoms, 32 oxygen anions and 24 cations. The spinel lattice
parameter, 8.083 A, is large because the unit cell volume is eight times larger than the
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ccp oxygen sublattice cubic unit cell. Of the 64 tetrahedral sites eight are occupied
by Mg2+ cations and of the 32 octahedral sites half are occupied by Al 3+ cations.
More formally the structure can be described using Wyckoff notation where within
the Fd3m space group the Mg2+ cations occupy 8a and Al 3 + cations occupy 16d
Wyckoff positions. The 0 2- anions occupy 48f Wyckoff positions. The oxygen positions are characterized by the oxygen positional (u) parameter, which is a measure of
how far they are displaced, in <111> directions, from the ideal FCC positions. The

u parameter generally corresponds to a displacement of approximately O.lA, which
corresponds with a shift away from the divalent Mg2+ (volume expansion of the tetrahedral sites at the expense of octahedral site volume) . 18 Ideally, the spinel compound
is composed of equimolar MgO and Al20 3 .

F igure 2.1. Ideal, normal, spinel unit cell where the red spheres are oxygen anions
and the green and blue spheres are aluminum and magnesium cations respectively . 19
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In 1931 Barth and Posnjak 20- 22 discovered that there are two structural spinel
arrangements in existence. The one previously discovered by Nishikawa and Bragg,
which has become known as 'normal ' (AB 2 X 4 ), and one with 'variate atom equipoints'
(ABAX 4 ), which was later described as 'inverse' spinel by Verwey and Heilmann 23 in
194 7. In a structure with 'variate atom equipoints' the A cation fills 8 tetrahedral
sites as well as 8 of the octahedral sites, while the B cation fills the other 8 octahedral
sites.
Spinel was further defined by Verwey and Heilmann 23 as either 'normal' 2-3
spinel or 'inverse ' 3-2 spinel, where 2 and 3 refer to divalent and trivalent cations .
Cation disorder falls between the two extremes, resulting in partially inverse spinels.
The general formula for the unit cell of a 2-3 spinel is given by:

i=O

---+ normal spinel

i

= 2/3 ---+ random cation arrangement (1)

i

=1

---+ inverse spinel

where X 2+ and y3+ are divalent and trivalent cations as discussed by Sickafus. 24 The
variable i is the inversion parameter which specifies the fraction of A-sites occupied
by trivalent ions. Additionally an 'inverse' 4-2 spinel is comprised of quadrivalent and
divalent cations, where the A-sites are filled by the divalent cations and the B-sites
are occupied by divalent and quadrivalent cations in equal proportions.
In 1999, Sickafus 13 ,24 compiled an extensive review of previous research on
MgAb0 4 spinel. Several authors determined that the degree of inversion for MgAl2 0 4
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spinel can be measured using infrared (IR) absorption, nuclear magnetic resonance
(NMR), magic angle-spinning NMR (MAS-NMR), electron spin/paramagnetic resonance (EXR/EPR), and neutron diffraction. Additionally, other techniques including electrical conductivity, thermopower , magnetometry, x-ray diffractometry, and
Mossbauer spectroscopy have been used to determine the inversion factor in other
spinel compounds.
At least 3 variables for each spinel compound control the final chemistry: the
oxygen positional parameter, u, the lattice parameter , a, and the cation inversion
parameter , i. The u parameter varies with the radius, r(A), meaning that the Aand B-site volumes must be adjusted to best fit the cations, so the bond lengths
adjust by variations in u. The parameter a varies with the average of the A- and
B-site cationic radii. Some things that influence inversion include temperature, the
electrostatic contribution to the lattice energy, cationic radii, cationic charge, and
crystal-field effects.
The degree of inversion in MgA12 0 4 was studied by Wood et al. in 1986. 8
They discovered that below 725aC the redistribution of cations is very slow, and
above 925aC the redistribution occurs so quickly that all samples heat treated and
quenched above 925°C have approximately the same equilibrium distribution of those
samples heat treated at 925°C after quenching. The inversion, cation exchange, in
MgAl20 4 can be described by the reaction

(2)

9

The Verwey-Heilmann principle of maximal charge neutralization 23 is satisfied by the
normal 2-3 spinel, but in the inverse 2-3 spinel the principle is defied. This phenomenon shows that the cation radii and charge effects can counteract each other.
The Verwey-Heilmann principle states "if neutralization of charge is to be sharply
localized around cations , then cations of high valence will have large coordination
numbers, so as to be neutralized efficiently by numerous anions in the first coordination shell. " However , the problem that arises is that high-valence cations generally
have small ionic radii, which , according to Paulings first rule, the cations may be undersized enough to have movement between the anions. Pauling's first rule states "as
cation valence increases, small interstices and small coordination numbers become
preferable" and is quantified by the maximum radius ratio, RA/Rx , where A is a
cation and X is an anion, below this value the cation would be unstable in its site.
Inversion in spinels is partially due to the struggle between these two ideas .
Notably that the intrinsic antisite disorder on the cation sub-lattice results
in changes in the oxygen positional parameter as well as the lattice parameter. The
level of inversion changes as a function of temperature and is therefore not controlled
during use , however it could contribute to other material properties.

2.1.2. Formation of MgAl 2 0

4

Spinel.

MgAh0 4 spinel in its naturally

occurring mineral state forms a highly ordered normal spinel ( i=O) since slow crystallization over geological times allowed for a high degree of ordering to take place.
Synthetic MgAl 2 0 4 has some degree of disorder. 25 Additionally, spinel can be formed
either rich in Al 2 0 3 or MgO. 24
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During the formation of stoichiometric spinel there is a 5-7% volume expansion
from the magnesia and alumina parent oxides. 26 ,27 Many attempts have been made
to experimentally form pure, stoichiometric spinel. The formation of spinel has been
studied extensively as a solid-state reaction , hydrothermal technique , plasma spray
decomposition of oxides, sol-gel, combustion of metal nitrate urea, freeze drying of sulfate solutions, controlled hydrolysis of metal alkoxides decomposition of organometallic compounds in supercritical fluids, magnesium aluminum double alkoxide, and an
aerosol method. 28- 35 In practice, a two-stage sintering processes is often used to aid
in densification.
Multistage sintering is often used to form a dense reaction sintered spinel. The
initial hold temperature (900-1200°C) is typically used for spinel formation , and the
second stage (1600-1800°C) is used for densification. 36
In 1969 Bratton 29 ,37 first studied a co-precipitation technique for forming stoichiometric MgAl 2 0 4 using hydroxides and determined that the maximum densification could be achieved when calcining the co-precipitate at 860°C; further increases in
the calcination temperature reduced the final sintered density. In 2007 Zawrah 38 used
a co-precipitation technique with magnesium and aluminum chlorides. This process
proved to be relatively successful, with a small amount of periclase present in the
final product. Additionally, densities of sintered bodies at 1550°C were 3.35g/cm3
which is 94% of the theoretical density of MgAb0 4 (3.58gjcm3 ). In comparison to
other literature, this is higher than other materials sintered at 1700°C because of the
initial fine particle size (25-60nm).
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The use of such techniques as co-precipitation, spray drying, freeze drying,
and spray pyrolysis allows for synthesis of spinel at lower temperatures, however, the
processes are not suitable for bulk production. 36 T hese processes also allow for higher
purity spinel formation because of processing capabilities including more intimate
mixing and smaller particle size than in a solid oxide reaction. Additionally, calcination of MgC0 3 between 500 and 1000°C showed t hat at higher calcining temperatures
the crystal size increases and spinel formation is enhanced. In 2003 Sarkar 39 discussed
that the reactivity of the starting material has a large influence on the formation and
the densification of the spinel.
Co-precipitation has proven to be a successful technique for yielding stoichiometric spinel. 37 High surface area and int imate mixing increases t he reactivity between MgO and Ah0 4 . This technique has been adopted for all MgA12 0 4 spinel
compounds produced during experimentation.

2.2. SOLID SOLUTION FORMATION
Solid solution formation is important in many areas of ceramics, as it is known
that the free energy of a system is reduced when a single new atom is added to
a "group" of other atoms . By adding this new atom, even in small amounts the
mobility of t he system increases significantly, a technique used often when sintering
many ceramics. 40
Solid solution is most simply defined as an inclusion of foreign atoms in the
host crystal. The most stable state is always t hat which has the lowest energy. When
a material crystallizes in the presence of foreign atoms one of two things could happen:
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1. the foreign atoms could increase the energy of the system resulting in rejection
of the foreign atom by the crystal forming two separate phases or 2. the foreign
atom could be incorporated into the crystal in such a way to decrease the energy
of the system resulting in a new crystalline form.

However , there is a possibility

for an intermediate of the two extremes to occur where the foreign atoms become
incorporated into the structure randomly as the crystal forms , which is called a solid
solution. Vegard 's law states that the lattice-cell dimensions vary linearly with the
concentration of solute added to the host crystal. Solid solutions can form either
substitutionally or interstitially, which can be seen in Figure 2.2.

a.

b.

Figure 2.2. Solid solutions form either (a) substitutionally or (b) interstitially. 41

Substitutional solid solution occurs when the foreign atom is substituted for
one of the host atoms. Systems often do not exhibit complete solid solution, rather
limited solid solution forms through substitution until the solubility limit is exceeded,
which then results in a second phase form ation, as in the Mg0-Al 2 0 3 system. The
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Mg0-Ab0 3 phase diagram, Figure 2.4, shows that at 1700°C the solubility limit for
MgO in MgAh0 4 is approximately 70 mol% and the solubility limit for Ah0 3 m
MgAb0 4 is approximately 17 mol%.
Extensive solid solution formation typically occurs between two compounds
with similar atomic radii, the same crystal structure, similar valency, or similar electronegativities. If the size of the two atoms differ by less t han 15% substitutional
solid solution formation is favorable. 41 F igure 2.2a is a schematic showing a substituted atom can be either larger or smaller than the original atom. In practice, a
size mismatch of approximately 15% yields a solid solution. After exceeding 15%
very limit ed solid solution occurs, typically less than 1%. In order for complete solid
solution to occur both end members must have t he same crystal structure. However ,
limited solid solution can occur between compounds with varying crystal structures.
Similarly, if the valency of the atoms is different limited solid solution can form, but
other structural changes must also occur.
Interstitial solid solution occurs when the foreign atoms are particularly small
allowing for them to go onto interstitial sites in t he crystal to form solid solution.
The factors that effect interstitial solid solution formation are the same as for substitutional solid solution format ion except for st ructure type: atomic radii, valency,
and electronegativity. The effect of size on the interstitial solid solution formation is
dependent on the host crystal structure and the available interstitial sites. This fact or
influences the size of the atom that can fit into the structure interstitially. For example, in MgO only tetrahedral sites are available, in T i0 2 octahedral sites are available,
and in the fluorite structure t here are 8-fold coordination sites available. As the size
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of the interstitial site increases , the allowable size of atoms that can form interstitial
solid solution also increases. Charge neutrality of the system must be maintained, so
often vacancy formations or changes in the electronic structure occur. 41

2.2.1. MgO-NiO System.

The MgO-NiO is a well studied system that

forms extensive solid solution, providing insight regarding the impact of solid solutions
on properties. Substitutional solid solution occurs in both the MgO-NiO system and
the Mg0-Ab0 3 system. For example when NiO is added to MgO crystals the Ni2+
ions replace the Mg2+ ions in the crystal, resulting in a composition, Mg 1 _xNixO.
The phase diagram for the MgO-NiO system, Figure 2.3a, shows the complete solid
solution formation between the two end members, indicating that x can be varied
from 0 to 1 without changing the crystal structure of the material. Complete solid
solution formation also occurs in other systems such as Al 20 3-Cr 203, Th02-U02 , and
many spinels.
In the MgO-NiO system both compounds have the sodium chloride structure
and a complete substitutional solid solution forms. Figure 2.3 shows the schematic
free energy diagram for the system at 1500°C.Free energy diagrams can be constructed
at any temperature and pressure. For the MgO-NiO system it was assumed constant
pressure of 1 atm. The solid solution has the lowest energy across all composition
ranges, showing that complete solid solution is thermodynamically favorable.

2.2.2. Mg0-Al 2 0

3

System.

In the Mg0-Al20 3 system an intermedi-

ate spinel phase, MgAb0 4 , forms. A large degree of substitutional solid solution is
possible in the system. In this solid solution formation periodic atom sites remain
vacant to accommodate for the different valencies of Mg2+ and Al 3+. As can be seen

15

~tCDD r···········-······

....

''' }~--~

___,

............

J__

tl8

J. 0
0:/l

\

• 1\
.i \

/

~/ ····

Figure 2.3. T hermodynamic representation of t he (a) phase diagram for t he MgONiO system and (b) schematic free energy diagram for the MgO-NiO system for T <

20oooc. 41

in Figure 2.4a extensive solid solut ion occurs between MgA12 0 4 and Ab0 3 . This
solid solution forms by two Al3+ ions substit ut ing for three of the Mg2+ ions, which
ultimately results in a vacant lattice site. Figure 2.4b shows t he free energy diagram
for t he syst em at 1750°C. 41 As previously discussed, systems will arrange in such a
way to result in t he lowest free energy. W hen referring to Figure 2.4 the lowest free
energy between MgO and a is periclase solid solution , between a and b is periclase
solid solution and spinel, between b and c is spinel solid solut ion, between c and d
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is spinel and corundum, and between d and Al2 0 3 is corundum solid solut ion. Free
energy diagrams for systems at different temperatures carr be used to predict phase
diagrams and vice versa.
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Extensive experimentation has been done to determine t he extent of MgAh0 4
solid solution in the Mg0-Ah0 3 system. As seen in the Mg0-Al2 0 3 phase diagram, 42- 45 Ah0 3 has a large solubility into MgAl2 0 4 , forming a supersaturated spinel
between MgO ·Ah0 3 and Mg0 ·5Al2 0 3. MgO is also soluble in MgAh0 4 , but in limited amounts. The lattice parameter decreases as Ah03 goes into solution because
three Mg 2 + ions (0.66 A) are replaced by two Al3+ions (0.51 A ) and one vacancy. 46
Alper reported t hat spinel solid solution formed in accordance to:

(3)

where n is moles. Additionally, the change in lattice parameter (a) with increased
Al2 0 3 content has been reported to follow

a(A) = 8.6109 + 23.7195n
1 + 3n

(4)

allowing for a t heoretical value for the lattice parameter to be calculated across the
solid solution region. 4 7- 49 After supersaturat ion of the spinel is achieved and excess
Al2 0 3 is present in the system, it is reported that the lattice parameter for t he
MgAh0 4 present will be equal t o that of the supersaturated MgAh0 4 across the two
phase region at a given temperature. 44,50
2.2.3. Spinel- Spinel Systems.

As previously discussed , there are many

spinel compounds allowing for combinations t hat could potent ially form solid solution. In 1997 Stalder 51 investigated the phase relationships in the MgO-Ab0 3-Ga2 03
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system. Several compositions within the ternary system were studied at 1550oC and
the phases present were reported on the isotherm shown in Figure 2.5. The study
used x-ray diffraction to analyze the lattice constants which indicated complete solid

Figure 2.5. Mg0-Ah0 3 -Ga2 0 3 isotherm at 1550oC showing the phases present. The
darkened squares represent the phase/phases present at that location . 51

Complete solid solution formation has also been determined by Petrova in
1997 in the MgAh0 4 -ZnAb0 4 system. A high temperature microscope was used to
determine phases present at various temperatures and are indicated in Figure 2.6. 52
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Since t here is experimental evidence that the MgAl2 0 4 -ZnAl2 0 4 system forms
a complete solid solution, the current researchers predict that a system with MgAl 2 0 4
and MgGa2 0 4 will also form a complete solid solution. Additionally, based on the
data reported by Stalder in 1997 it seems that there is complete solid solution at

2.3 . PHASE EQUILIBRIA
In order for a system to be in t rue equilibrium the properties of the syst em can
not change over time and the same condit ion can be achieved when approached in
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more than one manner. Slow kinetics can leave a system unchanged for long periods
of time, making the system appear to be in its steady state even though it is not truly
in equilibrium.
Thermodynamically, equilibrium occurs when a system minimizes its free energy. Free energy is the energy available to do work and is defined as:

(5)

G = E+PV-TS

where G=Gibbs free energy (J) , E=the internal energy (J) , P=the pressure on t he
system (Pa), V= the volume of the system (m3 ), T=the absolute temperature, and
S= the entropy of the system (J/ K). Often t imes Gibbs free energy is defined in terms
of enthalpy (H) where H = E

+ PV resulting in a

new equation:

G(J) = H(J) - TS(J / K)

(6)

The Gibbs free energy is a measure of the available energy in a system and represents
the driving force for a reaction to occur. In order for a reaction to occur t he free
energy of the system must decrease. Further, when the change in free energy,

t:.G = t:.H + T t:.S

(7)

is equal to zero the system is at equilibrium. 53 Most phase diagrams have been constructed based on experimental data and it is assumed that t he diagrams represent
systems in equilibrium.
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In the Mg0-Ah0 3 system there is extensive solid solution between MgO and
MgAl 20 4 on both the MgO boundary and the MgAl 20 4 boundary, as well as between
MgAh0 4 and Ah0 3 on the MgAl 20 4 boundary.
In 1992 Hallstedt 54 combined previous experimental data determining the
boundary curves in the Mg0-Ah0 3 system with a calculated phase diagram from
thermodynamic analysis as seen in Figure 2.7. The solvus line between MgAl 20 4
solid solution and the two phase region MgAl 20 4-Al 20 3 of the diagram has been
studied extensively in the range of 1200°C and 1950°C. 44 ,49 ,50 ,55- 59 Hallstedt's 54 thermodynamic phase diagram was created using a program called PARROT included in
the Thermo-Calc database system, where he uses a weighted system to account for
the various experimental data as well as adjusting the ,6.G values. In Hallstedt's first
attempt at fitting the data all of the ,6.G values in the reciprocal reactions (15) were
set to zero and the solubility of Ah0 3 in spinel was fitted by adjusting the Gibbs
energy of --y-Al 20 3 . The model was then reevaluated, due to the apparent bad fit with
experimental data, where Dinsdale's 5° description of --y-Al 20 3 was used and the solvus
was fit by adjusting ,6.G for four of the reciprocal reactions. Hallstedt's diagram from
the second model and the phase diagram from Roy et al. 44 are commonly used for
current research.
In 2007 Smith 40 combined multiple published phase diagrams in order to understand the phase equilibria in the system. Two binary phase diagrams , MgOMgAh04 61 and MgAh0 4-Ah0 3 , 62 as well as the ternary diagram, Mg0-Ah0 3 Si02 , 63 were used to create a more comprehensive diagram for the Mg0-Al 20 3 system.
Each author studied specific areas of the diagram and therefore created well defined
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partial phase diagrams for the Mg0-Ah0 3 system. The diagram that was constructed
is shown in F igure 2.8. W hile this is a more comprehensive diagram, addit ional information from other sources could be added to further refine t he diagram.
Additionally, Hallstedt 54 defined a metastable miscibility gap due to a strong
temperature dependence of the Ah0 3 solubility in MgO on the MgO side of the
diagram with a temperature maximum of 1830°C, implying that there may also be a
miscibility gap in the spinel phase on the Al 2 0 3 rich side. Petersson et al. 64 predicts a
maximum at approximately 677°C and a mole fraction of 0.67 Ah0 3 . The miscibility
gap described is dependent on Hallstedt's thermodynamic model.
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2.4. REACTION KINETICS
The driving force for transformation is defined as 6.G

= G 2-G 1 , where G 1 and

G 2 are the free energies of the initial and final states. In order for transformation
to occur t he atom must first go through an activated state with a free energy above
G 1 , defined as Ga. Kinetic t heory shows that the probability of an atom reaching an

24

activated state, is given by exp( -~Ga/ kT), where k is Boltzmann's constant, and
is known as the Arrhenius rate equation. Diffusion occurs in order to decrease the
Gibb's free energy of the system. When applied to diffusion the Arrhenius equation
IS

-Ea
Ea 1
K = Aexp(-) "'ln(K) = ln(A) - - ( - )
RT
R T

(8)

where K is a rate constant (s- 1 ), A is a pre-exponential constant (m 2 /s), Ea is the
activation energy (J/mol) , R is the ideal gas constant (Jjmol-K) , and Tis absolute
temperature (K). In conjunction with the Avrami equation,

F(t) = 1 - exp(Ktn) "'ln( -ln[1 - F(t)]) = ln K

+ n ln t

(9)

where F(t) is the crystalline volume fraction developed at time t (s) and constant
temperature, and K and n are suitable parameters, where K is temperature dependent ,
activation energy can be determined. The two major types of diffusion mechanisms,
through a solid, are vacancy diffusion and interstitial diffusion.
Vacancy difFusion is the interchange of atoms in a lattice position and a vacaney, which typically occurs if there is enough vibrational energy acquired for the
atom to oscillate to a vacant site. The rate of vacancy difFusion is dependent on the
probability of jumping which is controlled by the concentration of vacancies.
Interstitial difFusion is the migration of an atom from one interstitial location to
another empty interstitial location. 65 , 66 Interstitial difFusion is related to the random
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jump characteristics of the interstitial atom. Fick's first law of diffusion,

(10)

where DB is the diffusion coefficient of B (m 2 /s), J is the flux (quantity/m2 s), and

6GB/ r5x is the concentration gradient with respect to time (quantity /m 4 ), describes
interstitial diffusion in any cubic lattice. As such, the probability of jumps in varying
crystallographic directions is not equal for any non-cubic lattice. 65 Ficks first law can
only be applied in steady state conditions where the concentration does not change
with time.
Fick's second law takes the variation of concentration with both distance and
time into account, which is known as non-steady state diffusion. Fick's second law
can be simplified to

(11)

where r5CB/r5t is the change in concentration over time, DB is the diffusivity (m 2 /s),
and r5 2 CB/ r5x 2 is the concentration gradient.

As opposed to Fick's first law, the

gradient and the local concentration of the impurity in the material decreasing with
time is accounted for in Fick's second law.
Rossi and Fulrath 67 studied the formation of spinel in the solid state. The
study was performed in air at 1560°C for 250 hours. A finely polished MgO single
crystal was sandwiched between two finely polished Ab0 3 single crystals. No adher-
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ence occurred between the MgO crystal and the formed spinel layer, but a layer of
spinel did adhere to the Al 2 0 3 crystal. Based on previous research done by Roy et al.
in 1953, 44 36 mol% MgO existed in spinel at the boundary between spinel and Al 2 0 3
at 1560°C. Negligible solubility of MgO in spinel occurs at 1560°C and therefore the
spinel at the MgO boundary contained 50 mol% MgO . 42 The reaction occurring at
the MgAh0 4 -MgO interface was determined to be:

(12)

The reaction occurring at the MgAb0 4 -Ab0 3 interface was determined to be:

(13)

A study of the weight of the spinel layer formed from the periclase crystal was performed, as it was noted that the weight should correlate with the weight of the MgO
containing the same amount of oxygen as the spinel layer. This was determined to be
true with the addition of the small layer of spinel forming on the sides of the sapphire
crystal. This information confirms the interdiffusion of cations through the oxygen
layer. An orientation study was also performed and it was found that the growth rate
is independent of orientation. 67
In 1971 ,Whitney and Stubican studied the interdiffusion of the Mg0-Ab0 3
system using single crystals. Single crystal MgO was cleaved so that diffusion was
occurring along the [100] direction. Single crystal Ah0 3 was cleaved so that diffusion
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was occurring either parallel to the c-axis or perpendicular to the c-axis. The growth
of the spinel layer followed the parabolic rate law. Total spinel thickness (x) was used
to show the relationship between thickness squared and time in order to determine
the reaction rate constant (cm 2 /sec) which is defined as

k= (~x)2
2t

(14)

which was further used with the Arrhenius equation to determine the activation
energy, Ea . A change in the activation energy occurred at 2025K indicating that
initially diffusion was controlled by an interstitial mechanism and then by a vacancy
mechanism. The equation for the line when T < 2025K is estimated to be k =

1.19 x 10 2 exp( -88,000/ RT) and forT> 2025K, k = 1.17 x 10 4 exp( -125,000/ RT).
Studies were performed between 1550°C and 1900°C up to 100 hours. There was
a linear concentration profile up to 1700°C indicating the interdiffusion coefficient ,
D, was directly proportional to the number of vacancies created, meaning that the
diffusion of Al 3+ ions in MgO proceeds by a vacancy mechanism. Above 1700aC
there was a negative deviation indicating a change from extrinsic to intrinsic vacancy
controlled diffusion. The interdiffusion coefficient was determined to be independent
of the orientation of the Ah0 3 crystal. 68
Zhang et al. studied polycrystalline MgO and Ah0 3 with and without dopants
in 1996 in order to compare spinel formation to that from single crystals as well as
to see the effect of different dopants on diffusion rate. Alumina and magnesia rods
were used for the original polycrystalline study. The rods were cut into disks, finely

28

polished and t hen attached with tightly wound platinum wire. Alumina specimens
with additives including ZnO, Si0 2 and ZnAl2 0 4 were uniaxially pressed and sintered
at varying temperatures. The couples were put into a preheated furnace at temperatures ranging from 1473K to 1873K for times ranging from 48 to 166 hours. Analysis
was performed using SEM and EDS. Based on the linear relationship found from the
spinel layer thickness as a function of t ime the rate of spinel growth is controlled by
diffusion. The concentration of Al3+ ions also changed linearly with distance. The
thickness of the spinel layer was increased with the addition of ZnAl2 0 4 and ZnO
as dopants when compared to the diffusion couples without dopants. The addition
of the Si0 2 seemed to have negligible effect on t he spinel thickness layer, however,
a glassy phase did form . Based on the data from the rat e constant as a function of
temperature the activation energy for spinel formation was determined to be Ea=
539.8 kJ /mol and A= 1.276 x 103 m 2 js.69

The kinetics of a reaction are important to understand when investigating
phase diagrams. As previously discussed , phase diagrams represent the system in
equilibrium. However, the notion of time when defining equilibrium in laboratory
experiments can be very different t han natural formation of materials, which have
been forming over geological times. This issue of time to reach equilibrium becomes
of particular interest in systems such as Mg0 -Ah0 3 where the kinetics are so slow t hat
it appears that the system is in equilibrium when in fact t he system is in a metastable
state/ non-equilibrium. Regions of nucleation and growth and spinodal decomposit ion
are also possible met ast able states. T he use of kinetics and thermodynamics to further
understand the phase relations between MgO and Ah0 3 during the formation of
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MgA1 2 0 4 will be used to explain experimentation involving MgA1 2 0 4 throughout
this investigation.

2.5. THERMAL PROPERTIES

2.5.1. Thermal Conductivity.

The understanding of how heat flows

through a material is important in order to optimize performance for the intended
application. In general the lowest thermal conductivities are achieved by having the
most amount of variables in the system, meaning a material composed of multiple
elements and with a highly defected structure with extraneous atoms in solid solution. 70
In oxide ceramics thermal conductivity (K (W /mK)) can be divided into
phonon and photon conductivity. When discussing phonon conductivity Umklapp
processes, energy dissipation from phonon-phonon interactions due to scattering, are
the major contributors to thermal conductivity. As phonon-phonon interactions increase within the system, the thermal conductivity will decrease due to an increase
in energy dissipation. Such interaction occurs as phonon scattering increases , which
happens through various mechanisms, including imperfections in the lattice, porosity,
complex structures, and varying atomic masses. These lattice imperfections give rise
to anharmonicities and therefore result in phonon scattering. Thermal conductivity
trends are discussed in further details in Paper 1.
A small fraction of the energy transfer involved in thermal conductivity arises
from higher frequency electromagnetic radiation energy. In relation to the vibrational
energy associated with phonon conduction, the photon conduction is small and often
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neglected . However, at elevated temperatures the photon conductivity is proportional
to T 4 , becoming more significant. This is particularly important in sintered oxides at
high temperatures.
In addition to the mechanisms controlling changes in thermal conductivity in
each temperature regime, there are also properties that affect the thermal conductivity
of a material, including porosity, structure/ defects, and emissivity.
The addition of porosity to a material decreases the thermal conductivity at
low temperatures ( <500°) by introducing dead air into the system. Thermal conduction in gas, in this case dead air, is less than in solids which results in a lowering of the
thermal conductivity. The addition of porosity into the system can be interpreted as a
random second phase , as seen in Figure 2.9. There are several methods that have been
used to correct for porosity as a dispersed second phase, including, but not limited to ,
Carniglia (Equation 15) , Modified Loeb (Equation 16), 71 Maxwell-Eucken (Equation
17), and Schultz (Equation 18), 72 and Maxwell (Equation 19). The resulting thermal
conductivity (km) of the mixture is given as

(15)

km = kc(1- np)

km = kc

1-p
1 +np

km = kc(1- Pt

(16)

(17)

(18)
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km = kc 1 + 2p(1- kc/kd)/(2kc/kd + 1)
1- p(1- kc/kd)/(kc/kd + 1)

(19)

where kc is the thermal conductivity of the continuous phase (W /m-K) , kd is the
thermal conductivity of the dispersed phase (W/m-K), p is the volume fraction of
the dispersed phase, and n is a fitting parameter that varies with temperature.

Figure 2.9. Continuous major phase with a random second phase. 41

The complexity of the structure and introduction of defects to a system also
alters the thermal conductivity, particularly at low temperatures. Materials with
complex structures have greater thermal scattering of lattice waves, resulting in lower
thermal conductivity. In a similar way as the complex structure and variation in
atom size increasing anharmonicity, solid solution decreases t hermal conductivity.
Solid solution is most effective at low temperature in simple lattices where thermal
scattering mean free path is large. 41
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The emissivity affects thermal conductivity at increased temperatures. Boundary effects predominate for photon conductivity when the sample size is similar to
the photon mean free path. The boundary effects in ceramic materials are important
because the values of the photon mean free path, 0.1 to 10 em, is on the same order
of magnitude as a typical sample size. At the boundary, energy emission from an
opaque boundary or for a furnace enclosure with a uniform temperature region is
defined as

(20)

where e is the emissivity of the surface, n is the index of refraction, T is absolute
temperature and

CJ

is the Boltzmann constant (W /m 2-K4 ) . Materials with a high

emissivity in turn will have a higher thermal conductivity than a material with low
emissivity. Emissivity is a material property and can not be changed without addition
of a coating or other additives, therefore, will not be a factor investigated in this study.
The current research focuses on the decrease in thermal conductivity in Regions 2 and 3 where Umklapp scattering of phonons is dominant.
2.5.2.

Measurement Techniques.

Measurement t echniques for both

thermal conductivity and thermal diffusivity have continuously been evolved as research and technology has allowed for more advanced measurements. As previously
discussed , while thermal conductivity and thermal diffusivity are easily related, the
measurement techniques are very different. In addition to measuring thermal conductivity; thermal flux and a temperature gradient are measured as welL T hermal
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dift'usivity measures the amount of time required for a thermal disturbance to propagate a known distance.
In 1934, Finck 73 discussed an apparatus for measuring thermal conductivity
up to 2000°F. Finck assumed a steady, normal heat flow through the test specimen.
The apparatus uses two type S thermocouples mounted on either side of the specimen
to measure the temperature on each face.
In 1942 Norton 74 described a modified technique previously used by Wilkes 75
and Austin and Pierce. 76 The apparatus used a sample of known thickness and
measured the change in temperature across the sample with a water-cooled copper calorimeter. Calorimeters measure the change in temperature of water passing
through for a set amount of time, which can be used to determine the amount of heat
absorbed . This technique became ASTM standards C-182, 77 C-201, 78 and C-202. 79
Between 1942 and 1952 this technique was investigated and modified by several researchers to begin improving upon the original idea. 80 ,81 In 1952 Duplin 82 used the
same technique outlined by Norton but altered the apparatus to improve the electrical control of heating circuits, temperature control, and measurement of calorimeter
water-flow rate.
In 1962 Plummer 83 described a non-steady state method for measuring thermal
dift'usivity up to 1000°C. By using a non-steady state method the equipment and
specimen preparation are simplified. Temperature dift'erences, times, and specimen
thickness were the only measurements that were recorded. Plummer used a sandwich
assembly measuring the rise in temperature of a flat heating element and of a heat
sink in the medium with a known distance and time to determine thermal dift'usivity.
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In 1968 Day 84 discussed thermal properties of ceramics and summarized several of the measurement techniques developed for thermal conductivity. Techniques
include Guarded Refractory Brick (ASTM C-401-47 85 ), Comparative Method, Cut
Bar, Guarded Hot Plate (single or double), Guarded Rod, Cylindrical Envelope, and
Spherical Envelope. In refractories, the most common method is the guarded refractory brick method. This steady state method is similar to those previously discussed
and consists of a unidirectional heat flow with a water calorimeter used to measure
the rise in temperature at the cold face. The accuracy of this technique is wit hin

± 5% of the true value. The comparative method uses a known standard to determine the thermal conductivity of the t est specimen, where the sample is clamped
between two standards and is thermally guarded. The assembly is heated from one
side and the temperature gradients in the standards and the specimen are measured,
and the thermal conductivity is calculated from the equation

(21)

where K is thermal conductivity (W jmK), A is the cross-sectional area (m2 ) , f...T is
t he temperature gradient (K), and L is the sample length (m). T he symbols with
subscript s refer to the standard. The accuracy of this method varies from 3% to
7%. The cut-bar method is a steady state method where heat flows axially through
the sample to a heat sink. The power supplied to the heater is variable in order
to maintain a temperature gradient of 100°F in the sample. The accuracy of t his
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technique should be between 1% and 2%. The guarded hot plate method is also
performed under steady state conditions, where the specimen is placed on a guarded
heater and t he heat flow t hrough the specimen is measured with a calorimeter.
In 1971 Hunter 86 described the two major categories of measurement for thermal diffusivity: periodic temperature methods and transitory temperature methods.
An example of the periodic method is the Long Rod Temperature Method. The sample used in this technique is between 10 and 30 em long and 0.3-0.9 em in diameter.
The use of such a long rod is necessary to emulate an infinitely long rod, so no heat
waves are reflected back from the opposite end of the heater. The sample is heated
from one end with a sinusoidal heat source and two thermocouples are placed along
the sample a known distance f apart.
The Flash Temperature Method is an example of the transitory method, which
was first used by Parker in 1961. 87 Originally a xenon flash lamp was used to flash the
test sample, but it was later discovered that a laser provides a more suitable energy
source. A laser supplies a short pulse of heat to the front face of the specimen, and
the temperature change of the rear face is measured with an infrared (IR) detector.
Specimens are carbon coated to ensure complete absorption of the laser at the surface.
The laser flash technique covers the widest range of measurement capability, ranging
from 0.1 to 2000W jmK for thermal conductivity and from 0.01 to 1000 mm2 / s for
thermal diffusivity, with an accuracy of ±5% and ±3%, respectively. Additionally,
this technique allows for measurements to be performed on a small specimen (12.7 x
12.7 x (1-6)mm), which is particularly of interest when researching new materials.
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Thermal conductivity is a key property for increasing energy efficiency in insulating materials. Investigating ways to alter the mean free path in a material without
negatively impacting other properties is of great importance. Both complete solid
solution systems and extensive solid solution systems have been studied to further
understand the effect of adding these defects to the system on thermal conductivity.
The laser flash technique is used, because of its capability to analyze over a large
range and can be used with small samples.
Experimentally, thermal conductivity is calculated from the thermal diffusivity and heat capacity m easurements made using the laser flash technique. Thermal
diffusivity is the measure of the rate at which temperature travels from one point in
a body to another. heat capacity is the physical property that represents the amount
of heat required to raise the temperature of a material one degree. Thermal conductivity (K) is directly related to thermal diffusivity (a) , heat capacity (Cp) and density

(p) of the material from the equation

(22)

The flash method for measuring thermal properties is defined by ASTM Standard E
1461-07. 88 In an idealized case by Parker , the half rise time of the pulse applied to
one side of the specimen from a Nd-glass laser is measured, and thermal diffusivity
values are calculated from the specimen thickness , L, in meters and the half-rise time
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t 1; 2 , in seconds, as follows

0.13879L 2

a=----

(23)

Parker's method assumes an ideal case where the following criteria must be
met to ensure meaningful results: 87

• The specimen is initially at a constant temperature
• Heat flow is one dimensional heat with no heat loss
• Uniform heat absorption occurs in a very thin layer on t he surface of the specimen
• The pulse t ime of the heat source is infinitesimally small
• The material is fully homogenous
• The specimen properties are invariant as a function of temperature change with
pulsed heat source

Several approaches exist to correct thermal diffusivity and to mitigate the problems
that arise experimentation that typically result in Parker's assumptions not being
satisfied. However , it should be noted that none of the approaches successfully correct
for all of the deviations from the theoretical conditions.
Heckman, Cowan, and Koski have developed models independently to correct
for the laser pulse not being infinitesimally small. 89- 91 Cowen proposed the first mathematical model to include radiative heat loss from the sample surfaces after being hit
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with the pulse, which was assumed to be rectangular. Cowan's major assumption
was that the pulse was much shorter than the half-max-time parameter. Heckman
followed with the assumption that the pulse was triangular in nature rather than
rectangular. Koski made a further improvement on the model by incorporating a
heat loss parameter from the front of the sample to the rear of the sample.
The Clark and Taylor method, the most common method found in the literature, 92- 94 assumes radiative heat losses, which result in temperature changes on the
back-face of the specimen that are not constant, but rather decrease with time after
reaching a maximum. To correct the fit of the measured t emperature rise curve, a
factor was developed based on different values of time to reach different temperature
rise values (i.e. 0.2~T, 0.4~T, O.S~T, etc.) 95 The resulting values are then used to
modify the coefficient in equation 23.
Experimentally, heat capacity can be measured by a variety of methods, including: differential scanning calorimetry (DSC), 96 laser flash , 88 and the liquid drop
calorimetry setup. 97 Generally, the heat capacity of a material is determined using
a comparative method of the heat required to raise the temperature of the sample
with a known standard, because it is difficult to maintain equilibrium throughout the
measurement. DSC was employed throughout this research.

2.5.3. Mg0-Ab0 3 System.

Norton and Kingery 98- 100 studied the effect

of temperature on thermal conductivity for several compositions in the Mg0-Ah0 3
system. All of the specimens investigated except for the stoichiometric spinel (28wt%
MgO) sample were sintered at 1800°C. The stoichiometric spinel sample was formed
by first calcining a pure mixture of the oxides then sintering to 1840°C for 3 hrs. The
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bulk densities and porosities of the samples used for thermal conductivity measurements are reported in Table 2.3. The thermal conductivity data has been combined
for simplicity and can be seen in Figure 2.10; as the MgO content decreases so does
the thermal conductivity, until crossing into the single phase spinel region.

Table 2.3. Bulk densities for the Mg0-Ah0 3 samples used for measuring thermal
conductivity. 98- 100
MgO Bulk Density Porosity
vol%
(wt%)
(g/cm3 )
89
3.25
10.7
79
3.39
6.4
64
3.19
11.4
45
3.04
14.8
35
2.99
15.4
28
3.27

The effect of solid solution formation on MgAh0 4 was studied extensively to
determine the viability of solid solution use as an approach to decreasing thermal
conductivity and heat flux when applied to a theoretical furnace lining. Additionally,
studying the phase equilibria of the Mg0-Ah03 system will allow for a more comprehensive understanding of the system and the ability to utilize phase equilibria in
material processing.
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OF COMPOUNDS IN THE MgAI 2 0 4 -MgGa2 0

4

SYSTEM
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ABSTRACT
Solid solution effects on thermal conductivity within the Mg0-Ah0 3 -Ga2 0 3 system
were studied. Samples with systematically varied additions of MgGa2 0 4 to MgAh04
were prepared and the laser flash technique was used to determine thermal diffusivity
at temperatures between 200°C and 1300°C. Heat capacity as a function of temperature from room temperature to 800°C was also determined using differential scanning
calorimetry. Solid solution in the MgAh0 4-MgGa2 0 4 system decreases the thermal
conductivity up to 1000°C. At 200aC thermal conductivity decreased 24% with a
5 mol% addition of MgGa2 0 4 to the system. At lOOOaC the thermal conductivity
decreased 13% with a 5 mol% addition. Steady state calculations showed a 12.5%
decrease in heat flux with 5 mol% MgGa2 0 4 considered across a 12 inch thickness.
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1.1 INTRODUCTION
The Mg0-Ab0 3 -Ga 2 0 3 system is ideal for studying the effect of solid solution on
thermal properties because of its extensive solid solution behavior. Stalder and Nitsch
indicate a complete solid solution between MgAb0 4 and MgGa2 0 4 at 1550°C. 1
1.1.1. Background on Spinel.

The spinel structure (AiB 2 _iX 4

)

appears

in many forms ranging from normal 2-3 to inverse 3-2 spinel where 0 :S i :S 1, and i
denotes the inversion parameter. In normal spinel A represents the cation that fills
1/8 of the tetrahedral sites and B represents the cation that fills 1/2 the octahedral
sites; however, in a fully inverse spinel 1/8 of the tetrahedral sites are filled with B
and 1/4 of the octahedral sites are filled with A and 1/4 are filled with B 2 - 4
Magnesium aluminate spinel (MgAl 2 0 4 ) is the parent compound of the spinel
group and was first studied independently by Bragg 2 and Nishikawa 3 in 1915. T he
structure was first reported as a normal spinel where all the Mg2+ cations are on
tetrahedral sites and all the Al 3 + cations are on octahedral sites within a face center cubic (FCC) Bravais lattice, forming the Fd3m space group.

However, after

further investigation through techniques such as infrared (IR) absorption, 5 ,6 nuclear
magnetic resonance (NMR), 7 ' 8 magic angle-spinning NMR (MAS-NMR), 9 , 10 electron
spin/paramagnetic resonance (EXR/EPR), 11 ,12 and neutron diffraction 13- 15 it was determined that MgAh0 4 has a partially inverted structure with an inversion parameter
reported as high as i = 0.3 11 and can be described by the reaction in Kroger-Vink
notation

(1)
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The partially inverted structure in MgAb04 implies a further complicated structure,
which will contribute to an increase in phonon scattering and ultimately decrease the
thermal conductivity.

1.1.2. Background on Thermal Conductivity.

Thermal conductivity

(K) of a solid can be defined by steady-state heat flow down a long rod with a
temperature gradient dT / dx :

dT
dx

q=-K -

(2)

where q is the flux of thermal energy, or the energy transmitted across a unit area
per unit time, which implies a random process of thermal energy transfer. Therefore,
thermal conductivity is defined by both a temperature gradient and a mean free path
of a particle which is incorporated by the random nature of energy transfer. Thermal
conductivity can also be defined by

(3)

where Cv is the volumetric heat capacity, v is the mean carrier velocity, and A is
the mean free path of a phonon between collisions. The mean free path is defined
as the mean distance of a beam particle before being attenuated. Phonon scattering
can occur by phonon-boundary, phonon-point defect, and phonon-phonon Umklapp
scattering. Thermal conductivity is highly temperature dependent, and a number of
mechanisms control t he changes in different t emperature regimes. As phonon-phonon
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interactions increase within the system, the t hermal conductivity will decrease due
to an increase in energy dissipation. Such interaction occurs as phonon scattering
increases through various mechanisms , including imperfections in the lattice, porosity,
complex structures, and varying atomic masses. These lattice imperfections give rise
to anharmonicities and therefore result in phonon scattering. 16 Figure 1 illustrates
the different regimes and cont rolling mechanisms which are outlined as follows : 17

1. The initial rise in thermal conductivity (0-40K) is due to the excitation of

thermal vibrations, which allows phonons to transport t hermal energy through
the lattice. With a slight increase in temperature phonon conduction occurs
resulting in an increase in thermal conductivity. Phonon-phonon and phononpoint defect scattering are not yet effective. Since most ceramic materials are
used for higher temperature process, region 1 is not part of this study.
2. After the maximum K is reached, phonon-boundary, phonon-point defect, and
phonon-phonon Umklapp interactions begin to occur leading to a decrease in
K

rv

-eI aT) where T is temperature, e is the Debye temperature and 0: is

exp (

a constant. The addition of defects, solid solution, and strain on the latt ice results in an increase in Umklapp scattering, and ultimately a decrease in thermal
conductivity. Umklapp scattering (U-process) in relation t o thermal conductivity can be defined as a transformation of a wave vector to another Brillouin
zone as a result of anharmonic phonon-phonon scattering. In a normal process
two phonons with wave vectors k 1 and k 2 collide forming a new wave vector,
k3 , which remains inside t he first Brillouin zone (primit ive cell in reciprocal
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space). However, in aU-process phonon momentum is typically increased and
the wave vectors k 1 and k 2 collide forming a new wave vector, k 3 , outside of
the first Brillouin zone. The wave vector k3 can be transformed back into the
first Brillouin zone by adding a reciprocal lattice vector G, which can be seen
in Figure 2. This change in phonon momentum results in a decrease in thermal
conductivity. Polycrystalline solid solution materials increase the potential for
phonon-boundary, phonon-point, and phonon-phonon Umklapp interactions to
occur, resulting in a further decrease in the thermal conductivity.
3. As the temperature increases past the Debye temperature the temperature dependence changes to a K "' 1/T relationship where Umklapp interactions are
dominant.
4. At sufficiently high t emperatures the mean free path decreases to a value near
the lattice spacing and thermal conductivity becomes independent of temperature.
5. Finally, an apparent increase in the mean free path is observed at temperatures
above 1600K for polycrystalline samples and as low as 500K for single crystals.
This results from an increase in photon contribution (proportional to T 4 ) to
thermal conductivity. At low t emperature the vibrational energy associated
with phonon conduction is large resulting in photon conduction being neglected.
T his is particularly important in sintered oxides at high temperatures where
electrical contributions to thermal conductivity are typically small. Electron
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contribution to thermal conductivity arises from metallic bonding where free
electron motion leads to electronic conductivity.

Experimentally, thermal conductivity is often determined from the thermal
diffusivity and heat capacity of a material. Thermal diffusivity is the measure of the
rate at which temperature travels from one point in a body to another. Thermal
conductivity is directly related to thermal diffusivity (a) from the equation

(4)

where K is thermal conductivity, CP is heat capacity at constant pressure, and p is
the density of the material. Laser flash and xenon flash techniques, which measures
thermal diffusivity, were employed during this investigation.
1.1.3 .. Background on Concept.

Solid solution between MgAh0 4 and

MgGa20 4 is being investigated to modify thermal conductivity. Magnesium aluminate spinel has been chosen as the base spinel because of its prevalent use in ceramic
processes, and for its high melting temperature, 2135°C. Magnesium gallate spinel has
been used as the second spinel because of its ability to form a partially inverse spinel,
i

= 0.5-0.6, 18 allowing for various defects (GaM9 , Ga'A1,

Mg~ 1 , A lM9 ) to form during

solid solution, increasing the impact on thermal conductivity and its high melting
temperature, 2223±75°C.
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Initial investigation into the effect of solid solution format ion between MgAl 20 4
and MgGa20 4 on thermal conductivity at room temperature was reported previously.
Experimentation revealed a decrease in thermal conductivity with solid solution formation. 19- 21

1.2. EXPERIMENTAL PROCEDURE
1.2.1. Spinel Powder Production.

Magnesium aluminum spinel was

prepared using a co-precipitation method from MgCb·6H 20 and AlCl3 ·6H20 (Fisher
Scientific). 22 A stoichiometric mixture of chlorides was dissolved in distilled water
and heated to 60°C while stirring with a magnetic stir bar. Ammonium hydroxide
was added to the solution until a pH between 9-10 was reached. The precipitate was
maintained at a pH between 9-10 and a t emperature of 60°C for 30 minutes. The
solution was then cooled to room t emperature, washed wit h distilled wat er and dried
at 120°C for approximately 48 hours. The gel was then calcined at 1200°C for 24
hours 19 followed by jet milling to a -325 mesh powder ( < 45 pm) .
The MgGa 20 4 spinel was formed by solid state reactions of the parent oxides.
Stoichiometric mixtures were uniaxially pressed at approximately 35 MPa (5000 psi)
and reaction sintered at 1600°C for 8 hours followed by jet milling to a -325 mesh ( < 45
pm) powder. All samples were sintered on sacrificial setters of the same composition in
air at one atmosphere in an electrically heated front loading furnace (DT-33, Deltech
Inc., Denver , CO)

1.2.2. Solid Solution Formation.

The spinels were mixed for 20 min-

utes with a mortar and pestle in ethanol to ensure intimate mixing. Each ratio of
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MgAb0 4 and MgGa2 0 4 was uniaxially pressed at 35 MPa (5000 psi) , in a one inch
die resulting in a thickness before sintering of a 1/2 inch , cold isostatically pressed
(CIP) at approximately 30,000 psi, reaction sintered at 1725°C for 8 hours and air
quenched (>100°C/minute).
1.2.3.

Analytical Procedure.

Six pellets from each of the mixtures,

as well as each of the end members , MgAb0 4 and MgGa2 0 4 , were evaluated for
density and porosity using the Archimedes' principle using water as the impregnating
liquid and vacuum to impregnate (ASTM C373-88 23 ) . Additionally, the theoretical
densities of each composition were measured using liquid pycnometry. X-ray powder
diffraction was also performed on representative powder samples of each mixture to
determine the degree of solid solution formation (XDS 2000, Scintag Inc., Cupertino,
CA). 20 The Rietveld method was used to quantify the lattice parameter change using
full pattern refinement collected from standardless XRD patterns (Riquas, Materials
Data, Inc., Livermore, CA). Lattice parameter data was obtained from PCPDFWIN
version 2.1 PDF number 100113 and 01-073-1721.
Thermal expansion was measured in order to correct for changes in thickness
during thermal diffusivity measurements. Samples were also cut into 1 inch long rods
and percent linear change was measured between lOOoC and lOOOoC at lOoC/min with
a dilatometer (1600D, Orton, Westerville, OH) to determine the thermal expansion
coefficient of each solid solution composition.
Thermal diffusivity values were obtained using the laser flash technique (FL5000,
Anter Corp., Pittsburgh, PA) under 160 kPa ( 1.57 atm) argon (ASTM E1461-07 24 ).
The half rise time of the pulse applied to one side of the specimen from a Nd-glass
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laser was measured, and thermal diflusivity values were calculated. An average diffusivity value was obtained from three laser shots at each temperature. Temperature
data were collected before and after the 200 f..LS laser pulse at an acquisition rate of
15 kHz. T hermograms resulting from the laser pulse were fit with the instrument
software to obtain the half rise times. A Clark-Taylor approximation was used to account for heat losses from the specimen. Specimens were coated with graphite spray
to increase absorption of the laser radiation and to ensure nontransparency between
the specimen and the laser. Samples were analyzed at 100°C increments between

Representative powder samples were ground from reaction sintered specimens
and used for heat capacity determination using differential scanning calorimetry
(DSC) from 25°C to 800°C at a heating rate of 20°C/minute using a data acquisition
rate of 0.5 sec/point (TA Instruments, SDT Q600, TA Universal Analysis software)
based on ASTM E1269-11. 25 Heat flow calibration was performed based on analyzing
the heat capacity of sapphire between 200°C and 1500°C to standardize the resulting
data. Two runs were performed to generate the heat flow curve and a third run to
refine the calibration through a cell constant using a known metal standard (zinc).

The calibration was performed using an empty 90 f..LL alumina cup with lid and a
synthetic sapphire disc with the same cup and lid. The analysis software compares
the measured heat capacity of the sapphire disc to the literature values for the temperature range of interest. The calibration curve is then further refined t hrough the
cell constant calibration with zinc (determining the heat of fusion and comparing to
literature value, 108.7 ± 2.17 J /g).
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Heat flow for the blank alumina cup and lid and the sapphire disc was measured
each day (ASTM E1269-11) prior to collecting experimental data. The same alumina
cup was used for all measurements performed. The specimen weight was measured
continuously by the equipment. Nitrogen gas (99% pure) was used at a flow rate of
100.0 mL/minute. The heat flow data for the blank alumina cup and sapphire disc
were plotted daily to monitor any changes in the heat flow data t hat might indicate
the necessity to recalibrate the equipment before proceeding. Monitoring any changes
in the heat flow was critical to ensure repeatable results. During experimentation the
equipment was re-callibrated ever 5-7 days. Each composition was measured three
times and heat flow data were used in accordance with ASTM E1269-11 to calculate
the heat capacity.

An equation for t he curve was then fit using the least mean

square technique. Thermal conductivity was then calculated by equation 1 using the
measured thermal diffusivity, heat capacity, and density.
Subsequently, heat capacity and thermal conductivity were modeled to enable
prediction of thermal properties for various compositions and temperatures that were
not studied. The propagation of error for thermal conductivity was performed using equation 1. A propagation of error due to each input used to model thermal
conductivity was estimated through functions. In general, a function J(a;), with n
independent variables, ai, each having an uncertainty, 6 ai, can be used to determine
the uncertainty in the result, 6f, by the following expression: 26

(5)
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1.3. RESULTS AND DISCUSSION
1.3.1. Solid Solution Formation.

X-ray diffraction confirmed the forma-

tion of stoichiometric MgAh0 4 and MgGa2 0 4 during initial testing. The reported
lattice parameter for MgAh0 4 is 8.083
211152) and for MgGa 2 0 4 is 8.280

A ( PCPDFWIN

version 2.1 PDF number

A ( PCPDFWIN version 2.1 PDF number 100113)

resulting in a noticeable solid solutioning peak shift in the XRD patterns. Additionally, since no additional peaks appeared , it can be concluded that there was no reaction phase or precipitation. The lattice parameters for each composition are reported
in Table 1.
Additionally, determination of solid solution formation for the three compositions investigated confirms an infinite solid solution in the MgAh0 4 -MgGa2 0 4 system
as predicted previously. Stalder and Nitsch 1 studied the Mg0-Ah0 3 -Ga2 0 3 ternary
system at 1550°C and reported solid solution at 20, 40, 60, and 80 mol% MgGa2 0 4 .
Figure 3 shows the proposed phase diagram between MgAh0 4 and MgGa 2 0 4 based
on the reported melting temperature of MgAh0 4 (2135°C) and MgGa2 0 4 (2223°C) .

1.3.2.

Density.

Apparent densities were measured using Archimedes '

technique in water and values are reported in Table 2. Additionally, the true densities
were determined by crushing the samples to a fine powder and performing liquid
pycnometry. The crystal density, p (g/cm3 ), was also determined from the lattice
parameter measured using Rietfeld refinement from XRD data, using the relation

MZ
p= NaV

(6)
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defined by the molecular weight M, the number of molecules per unit cell Z (Z=8),
Avogadro's number N0 , and the unit cell volume V, measured in cm3 . The solid
solution formation is assumed to be fully substitutional resulting in the molecules
per unit cell to remain constant for the density calculation. It was determined that
all of the samples used were between 90% and 95% theoretical density. This level of
porosity will impact the thermal conductivity results and correction techniques were
investigated and discussed in Section 1.3.5.
1.3 .3.

Thermal Diffusivity.

Thermal diflusivity data were measured

at l00°C increments from 200oC to 1300°C. The reported data in Figure 4 are an
average of six samples for each composition. The thermal diflusivity values for each
specimen were within the accepted 5% error of the laser flash technique.
1.3.4. Heat Capacity.

The specific heat capacity (CP) as a function of

temperature was measured from room temperature to 800°C for each composition
and the average data from three experimental runs are included as Figure 5. The Cp
data for each composition were modeled as a function of temperature to a function
taking the form of reported heat capacity for MgAl 2 0 4 in NIST-JANAF as follows ,

(7)

where a, b, c, and d are fitting coefficients and T is temperature (°C). Further analysis
of the equation proved that the last term provides no significance when modeling the
current data, so only the first three terms were considered. The coefficients for each
composition are included as Table 3.
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The average measured heat capacity from 66°C to 727oC were then used to
further model the specific heat capacity as a function of both temperature and composition. Attempts were made to keep the model in the form defined in NIST-JANAF
for the heat capacity modeled as a function of temperature, however, with the addition of composition it was not possible to fit the data well. Rather a statistical
approach was used to fit the current data and a rational function in the form

Cp = d + fT + gXmol + hTXmol
1 + jT + kXmol + mTXmol

(8)

was modeled, where 65°C ::; T ::; 1300°C, 0 ::;

Xmol ::;

m are fitting coefficients, T is temperature (oC) and

100 and d, f, g, h, j, k, and

Xmol

is mole fraction MgGa2 0 4 .

The coefficients are defined in Table 4. Measured heat capacity as a function of
temperature and modeled heat capacity as a function of temperature for each of
the compositions studied, along with the modeled heat capacity as a function of
temperature and composition are shown in Figure 5.
1.3.5. Thermal Conductivity.

Thermal diffusivity data were collected

every 100°C from 200°C to 1300°C. The specific heat capacity modeled for each ternperature and composition was used to calculate the thermal conductivity by Equation
4. Additionally the data were corrected for linear thermal expansion at each temperature using an average thermal expansion of 9.5 x 10- 6 j °C. Thermal expansion was
calculated from the percent linear change measured for each composition as shown in
Table 5. The linear thermal expansion coefficients did not present a distinct trend as
a function of MgGa2 0 4 addition so an average value was used.
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Corrections for porosity were investigated to enable a more direct comparison
of the effect of solid solution on thermal conductivity. Porosity can be modeled as a
second phase and models have been determined based on parallel slab and dispersed
second phase assumptions. There are several methods that have been used to correct
for porosity as a dispersed second phase, including, but not limited to , Carniglia, Modified Loeb, 27 Maxwell-Eucken, and Schultz. 28 Samples with various levels of porosity
for MgAh0 4 were produced by heat treating at various temperatures and times as reported in Table 6 and thermal diffusivity was measured using the laser flash method.
Thermal conductivity was calculated using the modeled heat capacity as a function
of temperature and composition for MgAh0 4 . Each of the porosity correction techniques were investigated and it was determined that the Maxwell-Eucken technique
had the optimal fit for the current data . The Maxwell-Eucken technique is defined
by

1-p
1- j3p

(9)

where KP and K 0 are the porous and dense thermal conductivities respectively, p is
the pore fraction , and j3 is a fitting parameter which varies with temperature. A least
squared fit model was used to optimize j3 (Table 7) for each temperature between
200°C and 800°C. A linear model of j3 as a function of temperature was then used
to extrapolate j3 values up to 1300oC. The thermal conductivity for dense MgAl 2 0 4

62

between 300 and 1500K was represented by the following equation: 29

1/ K 0 = 0.03790 + 1.037 X 10-4 T

(10)

The thermal conductivity values for dense MgAb04 were adjusted using the porosity,
associated measured thermal conductivity, and determined f3 values for each temperature to show the model fit.

Figure 6 shows the measured data as a function of

porosity and t he adjusted model based on calculated (3 . T he (3 values determined
for each temperature in MgAb0 4 were then used to correct for porosity in the solid
solution samples, which are reported as a function of temperature in F igure 7. The
t hermal conductivity from Gibson 29 is also shown as a function of temperature.
Thermal conductivity (K) as a function of temperature and composition was
also modeled using a rational N function in the form

K = (n + pT + qXmol + rTXmot)
(1

(11)

+ sT + uXmot + wTXmot)

where 200°C :::; T :::; 1300°C, 0 :::;

Xm ol :::;

(Table 8), T is temperature (oC) and

50 and n , p , q, r , s, u, and w are coefficients

Xmol

is mole fraction MgGa20 4 .

Figure 8 shows thermal conductivity as a function of mol% addition of MgGa 20 4
for representative t emperatures . At 200°C there is a 24% decrease in thermal conductivity with 5 mol% addition of MgGa20 4 . When temperature is increased to lOOOoC
a 13% reduction in thermal conductivity was observed. It can be seen that the solid
solution effect on thermal conductivity decreases as t emperature is increased, which
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can be attributed to the mean free path approaching the lattice spacing and the
increased photon contribution.
While grain boundary effects on thermal conductivity were not investigated in
this study, there is potential for various grain sizes for each composition studied due
to solid solution effects. The solid solution effect on grain size should be investigated
thru microstructure analysis.
1 .3. 6. Experimental Error.

Thermal cond uctivity is a function of thermal

diffusivity, heat capacity, and density. The measurement of thermal diffusivity using
the laser flash technique outlined in ASTM E1461-07 has a stated precision of ±5%.
The measurement of heat capacity using the DSC t echnique outlined in ASTM E126911 has a stated precision of ±6.2%. The linear thermal expansion, used to correct
the density at elevated temperatures, determined using push-rod dilatometry has a
measured precision of ±4%. T he measurement of density using Archimedes' technique
outlined in ASTM C373-88 has a measured precision of ±0.2%.
Applying this method to the thermal conductivity calculation there is an estimated uncertainty in t he results of ± 8%. It can be noted that the heat capacity
has the largest contribution to the error with a precision of ±6.2%. As expected,
the final error is slightly higher than any single source of error after determining the
propagation of error, however, there are still notable trends in the data verifying the
significance of solid solution addition to decreasing thermal conductivity.
1.3. 7. Impact on Heat Flow.

To estimate the energy benefit that might

result from use of such materials, a one-dimensional, steady state heat flow model 30
was used. The heat transferred through a 12 inch brick wall composed of either
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100 mol% MgAb0 4 or 95 mol% MgAl 2 0 4

-

5 mol% MgGa2 0 4 was determined. The

one-dimensional heat transfer rate is defined as

(12)

where T oo,l

-

T oo,lO is the overall temperature difference and L::Rt includes all thermal

resistances,

(13)

where A is the cross sectional area, k is the thermal conductivity, L is the thickness of
each layer , and his the heat transfer coefficient. For the calculation A was assumed to
be 1 m 2 , T oo,l was 1000°C, the layer thickness was divided evenly for the 10 sections,
h was 1000 W /m 2 K so that the temperature of the furnace was approximately equal
to the temperature of the hot face , and K was defined using equation 11 , as shown
in Figure 9. The condition of steady state heat balance dictates that the heat flux in
the wall be equal to that being transferred to the environment via natural convection
and radiation.

(14)

Additional parameters used for the calculations were emissivity of 0.9 , ambient ternperature of 21 oc, and no forced air cooling was considered. For pure MgAb0 4 a
heat flux of 11.7 kW /m 2 was calculated versus 10.2 kW /m 2 for 5 mol% addition of
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MgGa20 4 , resulting in a 12.5% decrease in heat flux. The use of solid solution to
reduce heat flux in a system, leading to improved efficiency and energy savings, has
the potential to impact many processes involving high temperature vessels.

1.4. CONCLUSION
Solid solution efFect on both heat capacity and thermal diffusivity can be
modeled as a function of temperature and composition. Heat capacity cannot be calculated by a rule of mixtures when solid solution is present, therefore it is necessary
to model the data based on trends in experimental data. Thermal diffusivity measurements using the laser flash technique and heat capacity measurements from DSC
reveal solid solution between MgAb0 4 and MgGa20 4 significantly decreases thermal
conductivity up to 1000°C. At 200°C the thermal conductivity decreased 24% with 5
mol% addition of MgGa20 4 to the system, while at lOOOoC the thermal conductivity
decreased 13%. Steady state calculations showed a 12.5% decrease in heat flux with 5
mol% MgGa20 4 considered across a 12 inch wall, leading to potential energy savings
in high temperature vessels.

ACKNOWLEDGEMENTS

The authors would like to thank Eric Bohannan for all of his support and assistance
with collecting and analysis of the XRD data. Financial support by the Industrial
Technologic Program, U.S. Department of Energy, under award number CPS Agreement #14954.

66

REFERENCES
[1] R. Stalder and K-H Nitsch. Phase Relations and Lattice Constants in the Mg0Ab03-Ga203 System at 1550°C. J. Am. Cemm. Soc. , 80( 1):258-60, 1997.
[2] W. H. Bragg. The Structure of the Spinel Group Crystals. Philos. Mag., 30:
305-315, 1915.
[3] S. Nishikawa. Structure of Some Crystals of Spinel Group. Proc. Phys. Soc.
Tokyo, 8:199-209, September 1915.
[4] Kurt E. Sickafus, John M. Wills, and N. W. Grimes. Structure of Spinel. J. Am.
Cemm. Soc ., 82(2):3279- 3292, 1999.
[5] S. Hafner and F. Laves. Ordnung/Unordnung und Ultrarotabsorbtion III. Die
Systeme MgAb0 4 und MgAb0 4 -LiAl 5 0 8 . Z. Kristallogr., 115:321- 30, 1961.
[6] S. Hafner . Ordnung/Unordnung und Ultrarotabsorbtion VI. Die Absorption
einiger Metalloxyde mit Spinnellstruktur. Z. Kristallogr., 115:331- 58, 1961.
[7] E. Brun and S. Hafner. Die Electrische Quadrupolaufspaltung von Al 27 in Spinell
MgAl 20 4 und Korund Ab0 3. I. Paramagnetische Kernresonanz von Al27 und
Kationenverteillung in Spinell. Z. Kristallogr., 117:37- 62, 1962.
[8] E. Brun and S. Hafner. Die Electrische Quadrupolaufspaltung von Al 27 in Spinell
MgAb0 4 und Korund Ab0 3. II. Das Ionenmodell zur Deutung der Gemessenen
Quadrupolaufspaltung. Z. Kristallogr., 117:63- 78, 1962.
[9] G. C. Gobbi, R. Christoffersen, M. T. Otten, B. Miner, P. R. Buseck,
G. J. Kennedy, and C. A. Fyfe. Direct Determination of Cation Disorder
in MgAb0 4 Spinel by High-Resolution 27 Al Magic-Angle-Spinning NMR Spectroscopy. Chem. Lett., 6:771-74, 1985.
[10] R. L. Millard, R. C. Peterson, and B. K. Hunter. Temperature Dependence of
Cation Disorder in MgAb0 4 Spinel Using 27 Al and 17 0 Magic-Angle- Spinning
NMR. Am. Mineral., 77:44- 52, 1992.
[11] U. Schmocker, H. R. Boesch, and F. Waldner. A Direct Determination of Cation
Disorder in the MgAb0 4 Spinel by ESR. Phys. Lett., 40A(3):237-38, 1972.
[12] U. Schmocker and F. Waldner. The inversion Parameter with Respect to the
Space Group of MgAb0 4 Spinels. J. Phys. C: Solid State Phys., 9:L235-L237,
1976.
[13] E. Stoll, P. Fischer, W. Halg, and G. Maier. Redetermination of the Cation
Distribution of Spinel (MgAl 20 4 ) by Means of Neutron Diffraction. Am. J.
Phys ., 25:447-48, 1964.

67
[14] G. E. Bacon. A Neutron Diffraction Study of Magnesium Aluminum Oxide. Acta
Crystallogr. , 77:44- 52, 1952.
[15] F. Fischer. Neutronenbeugunguntersuchung der Strukturen von MgAl 2 0 4-und
ZnAh04- Spinellen, in Abhangigkeit von der Vorgeschichte. Z. Kristallogr. , 124:
275-302, 1967.
[16] D. W. Richerson. Modern Ceramic Engineering: Properties, Processing, and Use
in Design. Marcel Dekker, 2nd edition, 1992.
[17] W. D. Kingery, H. K. Bowen, and D. R. Uhlmann. Introduction to Ceramics.
John Wiley and Sons, 2nd edition, 1976.
[18] B. P. Uberuaga, D. Bacorisen, R. Smith, J. A. Ball, R. W. Grimes, A. F . Voter,
and K. E. Sickafus. Defect kinetics in spinels: Long-time simulations of MgAl 2 04 ,
MgGa2 0 4, and Mgin 2 0 4. Phys. Rev. [Sect.] B , 75(10):1-13, 2007.
[19] K. R. O'Hara, J. D. Smith, and J. G. Hemrick. Solid Solution Effects on the
MgAl2 0 4 System. Number 11. UNITECR 2009 Congress, October 2009.
[20] K. R. O 'Hara, J. D. Smith, and J. G. Hemrick. Solid Solution Effects on the
MgAh0 4-MgGa2 0 4 System. Am. Ceram. Soc.-St. Louis Refractory Ceramics
Symposium, March 2010.
[21] K. R. O 'Hara, J. D. Smith, T. P. Sander, and J. G. Hemrick. Solid Solution Effects on the MgAl 2 0 4-MgGa2 0 4 System. Number 12. UNITECR 2011 Congress,
October 2011.
[22] R. J. Bratton. Initial Sintering Kinetics of MgAh0 4. J. Am. Ceram. Soc. , 52
(8):417- 419, 1969.
[23] ASTM C373. Standard Test Method for Water Absorption, Bulk Density, Apparent Porosity, and Apparent Specific Gravity of Fired Whiteware Products.
ASTM International, Reapproved 2006.
[24] ASTM E1461. Standard t est method for thermal diffusivity of solids by the flash
method. ASTM International, 2001.
[25] ASTM E 1269. Standard test method for determining specific heat capacity by
differential scanning calorimetry. ASTM International, 2011.
[26] J.P. Holman. Experimental M ethods for Engineers. McGraw-Hill, Inc. , 6 edit ion,
1994.
[27] A. L. Loeb. Thermal Conductivity: VIII, A Theory of Thermal Conductivity of
Porous Materials. J. Am. Ceram. Soc., 37(2):96- 99, 1954.
[28] B. Schultz. High Temp.-High Press., 13:649, 1981.

68
[29] C. C. Gibson, D. L. Taylor , and R. H. Bogaard. Database on properties of
selected infrared window and dome materials . High temerature materials information analysis center report htmiac 27, Defense Technical Information Center ,
September 1996.
[30] F . P. Incropera and D. P . Dewitt. Fundamentals of Heat and Mass Transfer.
John Wiley and Sons , 4 edition, 1996.

69

1

2

3

4

5

Temperature
Figure 1. Schematic of thermal conductivity dependence on temperature (K) illustrating each regime with different controlling mechanisms: 1. excitation of thermal
vibrations 2. phonon-boundary, phonon-point, and phonon-phonon Umklapp interactions 3. Umklapp interactions dominate 4. independent of temeprature 5. photon
contribution becomes significant.
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N-Process

K,-+-------Jot------_,__

Figure 2. Normal process (N-process) showing the conservation of total phonon momentum inside the first Brillouin zone (grey area) and Umklapp process (U-process)
showing the change in phonon momentum with the addition of the G vector to return
to the first Brillouin zone.
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Table 1. Lattice parameters determined by full pattern Rietveld refinement , with an
error of ±0.0005 A
MgAb04
(mol%)
100
95
90
50
0

MgGa204
(mol%)
0
5
10
50
100

Lattice Parameter

(A)
8.082
8.091
8.097
8.160
8.277

Table 2. Measured densities using Archimedes' technique and pycnometry for each composition studied
MgAh04
(mol%)

MgGa204
(mol%)

Bulk Density
(g/cm3 )

True Density
(g/cm3 )

Crystal Density
(g/cm3 )

Theoretical Density
(%)

100
95
90
50
0

0
5
10
50
100

3.4
3.5
3.6
4.4
5.1

3.6
3.7
3.9
4.6
5.6

3.581
3.688
3.796
4.656
5.732

93.5
94.8
92.9
94.1
91.5

-1
<:.0
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Table 3. Coefficients defining specific heat capacity as a function of temperature for
all compositions studied
MgAh04
(mol%)
100
95
90
50
0

MgGa204
(mol%)
0
5
10
50
100

a

b

c

1.413 662 .463 -5.335
1.237 169.179 -3.457
1.111 -18.778 -2.596
0.901 -11. 382 -1.829
-1.762
0.798 52.131
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Table 4. Coefficients defining specific heat capacity as a function of temperature and
composition
Coefficient
Value
6.91xlo- 1
d
9.18xl0- 3
f
-6.77xlo- 3
g
2.67xlo- 4
h
6.98xlo- 3
J
-7.01xlo- 4
k
4.05xlo- 4
m
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Table 5. Thermal expansion coefficients for each solid solution studied
MgAl 20 4
(mol%)

MgGa204
(mol%)

100

0

95
90
50
0

5

10
50

Thermal Expansion
(x 10-6 oc-1)
9.52
9.41
9.38
9.68

100
Average

9.50
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Table 6. Samples processed to produce various levels of porosity in MgAh0 4
Temperature

Time

(OC)
1400
1400
1500
1500
1600

Porosity

(hr)

(%)

2
8
2
8
8

43 .7
38 .5
19.7
12.2
1.6
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Table 7. (3 values for correcting thermal conductivity for porosity in MgAh0 4 for
temperatures between 200°C and 800°C
Temperature

(3

ec)
200
300
400
500
600
700
800

1.88
1.79
1.63
1.42
1.20
1.04
0.88
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Table 8. Coefficients defining thermal conductivity as a function of temperature and
composition
Coefficient
n
p
q

r
s
u
w

Value
1.85x10 1
-9.56xlo- 4
3.37
1.86xlo- 3
2.49xlo- 3
2.67xlo- 1
l.Olxlo- 3
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K. R. O'Hara

J.D. Smith
J. G. Hemrick

ABSTRACT
Aluminum oxide must t ake a spinel form (')'-Ah 0 3) at elevat ed temperatures in order
for extensive solid solution to form between MgAh0 4 and a -Al 20 3. The solvus line
between MgAh0 4 and Ah0 3 has b een defined at 79.6 wt% Ah0 3 at 1500°C, 83.0
wt% Ah0 3 at 1600°C, and 86.5 wt% Ah0 3 at 1700°C . A metastable region has been
defined at temperatures up to 1700°C which could have significant implications for
material processing and properties. Additionally, initial processing could have major
implications on final chemistry. The spinel solid solution region has been extended to
form an infinite solid solution with Al 20 3 at elevated temperatures. A minimum in
melting at 1975oC and a chemistry of 96 wt% Ah0 3 rather than a eutectic is present,
resulting in no eutectic crystal formation during solidification.

2.1. INTRODUCTION
T he magnesia-alumina binary phase syst em includes materials used in industrial applications including catalyst-supports , refractories, abrasives, transparent, and
radiation-tolerant ceramics. 1- 7 One stable compound, spinel (MgAh0 4 ) , exists in t he
system. The current accepted diagram shows significant solid solut ion of either Al203
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or MgO in MgA1 2 0 4 forming above 1400°C. s,g Complete understanding of the phase
equilibria in a system is of great importance in microstructure development and therefore the resulting properties.
Solid solution formation is important in many areas of ceramics, as it is known
that the free energy of a system is reduced when a single new atom is added to
a "group" of other atoms. By adding this new atom, even in small amounts the
mobility of the system increases significantly, a technique used often when sintering
many ceramics. 10
The solvus was investigated in order to further define the non-stoichiomet ry
of spinel in t he Mg0-Ab0 3 phase diagram. A phase diagram that attempts to incorporate all of the existing data for the Mg0-Al2 0 3 system is presented.
The Mg0-Al2 0 3 systems exhibits a limited solid solution t hrough substitution
until the solubility limit is exceeded, which then results in a second phase formation.
A large degree of substitutional solid solution exists between MgO and MgA12 0 4 on
both the MgO boundary and the MgA12 0 4 boundary, as well as between MgAb0 4
and Ab0 3 on the MgAh0 4 boundary. In t his solid solution, periodic atom sites
remain vacant to accommodate the valencies of Mg2+ and Al3+.
As Kingery indicated, included as Figure l a, 11 extensive solid solution occurs
between MgA12 0 4 and Ab0 3 . T he solid solut ion forms by two Al3+ ions substituting
for three of the Mg 2+ ions, ultimately resulting in a vacant lattice site. Figure lb
shows the schematic free energy diagram for t he system at 1750°C. The lowest free
energy between MgO and a is periclase solid solution, between a and b is periclase
solid solution and spinel, between b and c is spinel solid solution, between c and d
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is spinel and corundum, and between d and Ah0 3 is corundum solid solution. The
lowest free energy defines the regions on the phase diagram.
In 1992 Hallstedt 8 combined previous experimental data determining the boundary curves in the Mg0-Ah03 system with a calculated phase diagram from thermodynamic analysis. The solvus line between MgAh0 4 solid solution and the two-phase
region MgAh0 4-Al 20 3 of the diagram has been studied extensively in the range of
1200°C and 1950°C. 9,1 2- 18 Hallstedt's 8 thermodynamic phase diagram was created using a program called PARROT included in the Thermo-Calc database system, where
he uses a weighted system to account for the various experimental data and to adjust
the ,6.G values. In Hallstedt's first attempt at fitting the data all of the ,6.G values in
the reciprocal reactions (15) were set to zero and the solubility of Ah0 3 in spinel was
fitted by adjusting the Gibbs energy of ')'-Ah0 3. The model was then reevaluated,
due to the apparent poor fit with experimental data, where Dinsdale's 19 description
of ')'-Ah03 was used and the solvus was fit by adj usting ,6.G for four of the reciprocal
reactions. Hallstedt's diagram from the second model and the phase diagram from
Roy et al. are commonly used for current research .
In 2007 Smith 10 combined multiple published phase diagrams in order to understand the phase equilibria in the system. Two binary phase diagrams, MgOMgAh04 20 and MgAh0 4-Ah0 3, 21 as well as the t ernary diagram, Mg0 -Ah03Si02, 22 were used to create a more comprehensive diagram for the Mg0-Ah0 3 system.
Each of the authors were st udying specific areas of the diagram and therefore creat ed well-defined partial phase diagrams for the Mg0-Ah0 3 system . The diagram
that was constructed is shown in Figure 2. While this is a more comprehensive dia-
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gram, additional information from other sources could be added to further refine the
diagram.
Additionally, Hallstedt 8 defined a metastable miscibility gap due to a strong
temperature dependence of the Ah03 solubility in MgO on the MgO side of t he
diagram with a temperature maximum of 1830°C, and implies that there may also
be a miscibility gap in the spinel phase on the Al20 3 rich side, which Petersson
et al. 23 describes to have a maximum at approximately 677°C and a mole fraction
of 0.67 Ah0 3. The miscibility gap described is strongly dependent on Hallstedt's
thermodynamic model.
The MgAh04-Ah03 portion of the phase diagram will be combined with data
from the current investigation to provide a diagram that incorporates all of the existing data in the system.

2.2. PROCEDURE
Magnesia (M30CR), alumina (CR30F), and spinel (S30CR) powders (Baikowski,
Inc., Charlotte, NC) were calcined at 1100°C for 15 minutes then held in a drying oven
at 150°C until being used for sample preparation. Table 1 summarizes the starting
materials purity, average particle size and specific surface area reported by Baikowski,
Inc. for the obtained lot of powders. Ratios of MgAh0 4 and Al20 3 bracketed the
solvus curve between the MgAh0 4 solid solution region and the MgAh0 4-Ah0 3 twophase region. The powders were mixed for 20 minutes with a mortar and pestle in
ethanol, showing no signs of inhomogeneity, to ensure intimate mixing, then dried
at 100°C for approximately 20 minutes. The powders were then sieved through a 50
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mesh sieve to minimize agglomeration of the powders. Each ratio of MgAl 2 0 4 and
a-Ah0 3 was then uniaxially pressed at 35 MPa (5000 psi) in a one inch die resulting
in a thickness before sintering of a 1/2 inch.
Each composition was set on a sacrificial setter of the same composition to
minimize contamination from the setter during heat treatment. Following the heating
schedule in Figure 3, the samples were heated to 1700°C for 2 hours then cooled to
either 1500oC or 1600°C and held for 8 hours prior to air quenching (>100°C/minute).
The changes in the heating rates were used to protect the furnace in each temperature
regime. Two compositions (63.33 wt% MgAh0 4 - 36.67 wt% Ah03 and 49.48 wt%
MgAh0 4 -50.52 wt% Al 2 0 3) were also heat treated with the same heating schedule,
but held at 1500°C for up to 96 hours. The compositions quenched from 1700°C were
first heated to 1750°C for 2 hours and cooled to 1700°C for 8 hours before quenching.
A single composition (58.38 wt% MgAh0 4

-

41.62 wt% Al 2 0 3) was also heated to

1600°C and held for various times up to 448 hours and air quenched. All samples
were processed in air at one atmosphere in an electrically heated front loading furnace
with temperature determined by two Type M thermocouples (DT-33, Deltech Inc.,
Denver, CO).
Each sample was crushed and ground into a powder for X-ray powder diffraction to determine the degree of solid solution formation (XDS 2000, Scintag Inc.,
Cupertino, CA). A scan between 6° through 90° with a step size of 0.02626° and a
scan speed of 0.04775° /s was performed. The Rietveld method was used to quantify
the lattice parameter change using full pattern refinement collected from standardless
XRD patterns (Riquas, Materials Data, Inc., Livermore, CA) The measured lattice
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parameter for MgAb0 4 (ss) was used to determine the final chemistry of the reaction,
from the inverse lever rule.

2.3 . RESULTS AND DISCUSSION
2.3.1. Al 2 0

3

Rich Spinel Solid Solution Region.

As Ab0 3 is added

to stoichiometric spinel three Mg2+ ions (0.66 A) are replaced by two Al 3+ ions (0.51

A) and one vacancy. 24 The formation of spinel from MgO and Ab0 3 at a molar ratio
of n proceeds according to

(1)

The change in lattice parameter (a) with increased Ab0 3 content is described by t he
following equation

a(A) = 8.6109 + 23.7195n
1 + 3n

(2)

allowing for a theoretical value of the lattice parameter to be calculated across the
solid solut ion region. 12 , 24- 26 The lattice parameters for MgAb0 4 solid solutions were
determined using Rietveld refinement from XRD patterns, between stoichiometric
spinel (71.67 wt% Al2 0 3 ) and 87 wt% Al2 0 3 and are reported in Figure 4. Samples
of identical composition within t he solid solut ion region quenched from various ternperatures resulted in the same lattice parameters. T he measured lattice parameters
in this study are in good agreement with Vegard 's law and fit t he linear equation
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by Wei (equation 3), allowing for a simple prediction of lattice parameter for t he
MgAh04(ss) from Ah03 content.
Deviation from Vegard 's law is expected if there is a significant difference in
lattice parameters between the pure components. T he approxim ation is said to be
valid for ideal solutions when the lattice parameters of the pure components differ by
less than 5%. The lattice parameter for stoichiometric spinel is approximately 8.083

A while
C0

corundum is hexagonal with lattice parameter values of a0

=

4.758

A and

= 12.991 A. It would be expected that t he solid solution between MgAh04 and

Ah0 3 would not follow Vegard's law. T he fact that the change in lattice parameter
follows Vegard's law in the MgAh0 4-Ah0 3 solid solution region, further confirms
the formation of a 1-Ah03 phase taking a cubic spinel form of Al8 ; 30 4 which has
a reported lattice parameter of a = 7.915

A

which is within 5% of stoichiometric

The lattice parameters from the single phase region were used to determine
the change in crystallographic density using the relation

MZ
p= NV

(3)

0

defined by t he molecular weight M, the number of molecules per unit cell Z (Z =8),
Avogadro's number N 0 , and the unit cell volume V, measured in cm 3. A linear fit
equation defines the density of the spinel solid solut ion region by

(4)
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The crystal density of spinel increases with Ab0 3 content. Even though t he
molecular weight decreases with increased Ab03 content from the replacement of
three Mg2 + ions (24.31 gj mol) with two Al3+ions (26.98 g/ mol) and a vacancy, t he
unit cell volume decreases enough to result in an increased final density as seen in
Figure 5.

2.3.2. Solvus line.

In order to determine the solvus between MgAh04(ss)

and the MgAl2 0 4(ss)-Ah0 3 two-phase region, a series of experiments were performed
between 1500°C and 1700°C. The solvus line was determined by tracking the decrease
in lattice parameter through Rietveld refinement, p er Vegard 's law, as well as the
appearance of a second phase for samples in less than 1 wt% Ah0 3 increments. T he
solvus lines for each of the excepted phase diagrams along with the current data are
shown in Figure 6.
When compared to Hallstedt's second model, at 1500°C an additional 4 wt%
of Al 2 0 3 went into solut ion before a -Ah0 3 appeared as a second phase, extending
the solid solution region to 83.9 wt% Ah0 3. Specimens with 82. 0 wt% Ah03 were
processed in t he same fashion as the other samples, but were held at 1500aC for up t o

96 hours to confirm the solid solution remained after extended time at temperature.
Samples were quenched in air after 4, 8, 16, 24, 48, and 96 hours and Rietveld
refinement on t he XRD patterns confirmed that t here was no det ectable exsolut ion of
a-Al2 0 3 or change in the MgAl 2 0 4 lattice paramet er. Doukhan et al. 27 also reported
no a-Ah0 3 precipitation at 1500°C after a 2 day hold for a composition of 82.0 wt%
Ah0 3. Additionally a specimen wit h 82.0 wt% Al2 0 3 was heated to 1500°C and
held for 100 hours to determine if an extended amount of solid solution formed when

94
approached from low temperature. T he lattice parameter of the spinel formed was
8.03064

A, which corresponds to a spinel composition of 79.5 wt% Ah0 3 resulting in

approximately 2.5 wt% excess cx-Al2 0 3 .
At 1600°C an additional 1 wt% of Al 2 0 3 went into solution before cx-Al2 0 3
appeared as a second phase, extending the solid solution region to 85.2 wt% Ab0 3 .
Additionally specimens with 83.5 wt% Ab0 3 were heat treated at 1600°C for up to
448 hours to determine the kinetics of the solid solution format ion. The specimens
were never heat treated above 1600°C for this study. A complete solid solution would
be expected to form at this composition and temperature, however, after 448 hours
XRD confirmed the presence of cx-Ah0 3 as a second phase.

Samples processed at the 1700°C hold temperature went into solid solution
up to 86.6 wt% Ah0 3 , within less than 1 wt% of Hallstedt 's thermodynamic model.
Jagodzinksi and Saalfeld investigated the exsolution from super saturated spinel using
x-ray and optical methods and reported even further solid solutioning effects, up to
88 wt% Al 2 0 3 at 1620°C, in single crystals.
2.3.3. MgAl20 4(ss)- Ah03 Two-Phase Region.

After complete solid

solution of the spinel is achieved and excess cx-Ah0 3 is present in the system, it is
reported that the lattice parameter for the MgAh0 4 present will be equal to that of
the solid solution MgAl 2 0 4 across the two-phase region at a given temperature. 9 •16
The binary lever rule between the MgAh0 4 -Al2 0 3 solvus line and 100 wt% Ab0 3
using the starting composition as the fulcrum was used to predict the amount of the
final phases after heat treatment (assuming no MgO solid solut ion in Al 2 0 3 ), as seen
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in Table 2, shown using the first chemistry as an example:

(85.1wt% Al20 3 start- 83.9wt% Al203 in spinel)
(
100- 83.9wt% Ab03 in spinel )

X

OO
1

=

7

.5final wt% Ab03

(5)

On the contrary, as seen in Figure 7, the lattice parameter of the MgAh0 4
increases upon crossing the solvus. The significant precipitation of a-Ab0 3 after
crossing the solvus implies a super-saturated solid solution forming prior to a-Al 2 0 3
becoming present as a second phase, resulting in a drastic change in final chemist ry
for the specimen.
Any chemistry in the two-phase region is expected to consist of the complete
solid solution spinel and a -Al 2 0 3 as its final phases. However, the final chemistry was
determined to consist of a spinel with a lattice parameter associated with a spinel
solid solution that had not yet reached the saturation limit. Additionally, there was
significantly more a -Ah0 3 than expected for samples processed at 1500°C or 1600°C.
Wei's equation relating lattice parameter and composition was used to determine the
spinel solid solution composition from the measured lattice parameter. The amount
of a-Ab0 3 that precipitated was then calculated using the binary lever rule using
the calculated Al 2 0 3 wt% present in the spinel solid solution and 100 wt% Al 2 0 3.
The starting composition was used as the fulcrum. Table 3 summarizes the calculated a-Al 2 03 present determined by the MgAb0 4 concentration based on the lattice
parameter measured . Samples quenched from 1700°C showed that the metastable
region extends approximately 0.5 wt% Ab0 3 than originally predicted, based on the
calculated chemistry from the measured lattice parameter for the MgA1 2 0 4 solid so-
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lution. The metastable region at 1700°C extends to 87.1 wt% Al 20 3, rather than 86.6
wt% Al203.
A misconception of final chemistry could exist based on these findings. For
example, as seen in Table 2, a sample with a starting composition of 14.0 wt% MgO 86.0 wt% Al 20 3 quenched from 1500°C would be expected to have 13.0 wt% a-Ah0 3
present as a second phase with a spinel solid solution chemistry containing 83.9 wt%
Ab0 3. However, Table 3 shows there was actually 29.3 wt% excess a-Ah0 3 present
as a second phase with a spinel solid solution chemistry containing 80.2 wt% Ab0 3.
Specimens with 86.0, 97.2, and 98.6 wt% Ah0 3 were heat treated based on the
heating schedule for samples processed at 1500°C for up to 96 hours to confirm the
amount of precipitation after crossing into the two-phase region. The composition
with 86.0 wt% Al 20 3 was chosen specifically because the initial two hour hold at
1700°C should form a complete solid solution, and after cooling to 1500°C a -Ah0 3
should precipitate. Samples were air quenched after 4.5, 8, 16, 24, 48, and 96 hours
to confirm an equilibrium state. After 24 hours the spinel composition was located
at 79.6 wt% Ah0 3 for the 86.0 wt% Ah0 3 composition and remained there for
the additional 72 hours. Investigating the composition with 86.0 wt% Ah0 3 also
confirmed that the supersaturation limit was reached since a-Ah0 3 precipitated even
after being in complete solid solution at 1700°C. The two samples with high Ah0 3
content were quenched after 96 hours and the lattice parameters also correlated with
a spinel composition of 79.6 wt% Al 20 3 suggesting the actual solvus line at 1500°C
would be located at 79.6 wt% Al203.
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The apparent "solvus line" formed during this study was determined to be a
region where the spinel solid solution has become super saturat ed and metastable.
While this super saturated solid solution appears to be in an equilibrium state it does
not rem ain once enough Ab0 3 becomes present in the system and does not form
when approached from lower temperatures. For example, the region between a and
b, in Figure 7, for samples processed at 1500°C shows a decrease in the spinel lattice

parameter past the t rue solvus composition (79.6 wt% Al2 0 3 ) when first heat t reated
to 1700°C , where a complete solid solution initially formed.

The region between

a and b is analogous to nucleation and growth, where the .6.G has an increasing
positive curvature, m aking the free energy increase, and therefore unfavorable, if
unmixing were to occur. Therefore, the system is metastable within this region and
the spinel solid solution remains. Donlon et al. 28 discussed the formation of a super
saturated spinel solid solution ( 90 wt% Ab0 3 ), and indicated t hat the difficulty of
precipitating the equilibrium a -Ab0 3 is due to a high barrier for nucleation likely
caused by the necessity of the oxygen sublattice to transition from a cubic closepacked spinel to the hexagonal close-packed a-Ab0 3 . P et ersson 23 suggested from t he
thermodynamic model that there was a metastable region with a maximum of 677°C;
however, experimentally it is seen that the metastable region forms up to at least

For example, a spinel solid solution with a lattice paramet er of approximately
8.00

A,

has a volume per oxygen atom (32 per unit cell) of 0.016 nm 3 . Alternatively,

the unit cell for a -Al2 0 3 has lattice parameters of a0 = 4.758

A where

A and

c0 = 12.991

t he volume per oxygen atom (18 per unit cell) is 0.0141 nm 3 , result ing in
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a 13% volume change in the lattice on precipitation. This large strain on the lattice
leads to difficulty in nucleation of a -Ah0 3 from spinel. However, there reaches a
point that there is so much Al20 3 in solid solution that exsolution will occur through
a mechanism similar to spinodal decomposition. After crossing b the curvature of ,6.G
becomes decreasingly positive (crossing the inflection point) , resulting in a region of
spinodal decomposition and it is favorable for unmixing to occur. Without forming
the spinel solid solution initially at elevated temperatures, the mixture would form a
spinel with the composition at the solvus line, which is precisely what was observed
for the specimens that were not heat treated at elevated temperatures initially.
The kinetics of a -Ah0 3 precipitation from spinel has been studied by several
authors . 16 ,28- 34 In single crystals, three stages of precipitation occur: formation of
fine spherical precipitates, formation of a monoclinic intermediate phase, and final
precipitation of a-Al20 3. All of the studies showed that a -Ah0 3 only formed on
the surface of the single crystals. Additionally, below approximately 82 wt% Ah0 3
Saalfeld and Jagodzinski 16 reported t he inability to precipitate a-Ah0 3 at 1400°C,
which trends well with the current data at 1500, 1600, and 1700°C further defining
a metastable region of t he phase diagram. Doukhan et al. 27 also reported no aAl203 precipitation at 1500°C after a 2 day hold for a composition of 82 wt% Ah0 3,
which is within the metastable region defined by the current experimentation further
confirming a region of metastability. The determined solvus compositions as well as
the extent of metastability are summarized in Table 4.
Panda and Raj 33 studied polycrystalline super saturated spinel and reported
direct formation of a-Ah0 3 with no intermediate phases. There were no intermediate
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phases detected during the current experimentation for compositions where precipitation occurred; however, samples were not investigated after short heat treatment
times. A super saturated spinel with 83.5 wt% Ab0 3 was used for the study by
Panda and Raj , and cx-Ab0 3 was reported to precipitate up to 1550°C. The current
research extended the metastable region to 83 .5 wt% Al 2 0 3 , so it is not surprising
that precipitation occurred in Panda and Raj's study. The resultant solvus line after
exsolution determined by Panda and Raj is in excellent agreement with the solvus
line determined by the current research and can be seen in Figure 8.
The variations in the determined sol vus line by various researchers can be
explained by this metastable region. After examination of compositions within 1 wt%
increments the metastable region was determined during the current investigation.
Results by Doukhan and Saalfeld where precipitation of ct-Ab0 3 was not observed
confirms the presence of a metastable region. Rankin and Merwin imply a nearly
complete solid solution forming at temperatures near melting between MgAb0 4 and
"artificial" corundum. 18 Although the origin of the term "artificial" corundum is
unknown, all other forms of Ab0 3 besides ct-Ab0 3 have a cubic form , Rankin likely
is referring to the ('-Al 2 0 3 form.
Viechnicki 35 conducted seminal work on defining the liquidus and solidus and
it was determined that the eutectic composition was at 96.0 wt% Ab0 3 at 1975°C.
Viechnicki reported some difficulty in determining the onset of liquid formation due
to the high viscosity of compositions higher in MgO. The lattice parameter values
reported by Roy et al. and Clark et al. correspond to a higher Ab0 3 content than
reported, based on Equation 3. 9 ,36 The solvus composition should be shifted from 94
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wt% Ah0 3 to 96.2 wt% Al 2 0 3 at 1925°C which would extend past the eutectic composition determined by Viechnicki. Wei reports an error in Equation 3 of± 1% which
could allow for a eutectic to still form based on the solvus composition determined by
Roy. After adjusting the composition to 96.2 wt% Ab0 3 at 1925°C the solvus line is
in good agreement with the current research as well as Panda and Raj. 33
Sarjeant and Roy used a splat quenching method to further define the solid
solution region at elevated temperatures, and were able to quench-in a metastable
spinel with up to 98 wt% Al 2 0 3 without forming a glass. 37 Colin et al. also reported
the spinel solid solution extending nearly all the way to Ah0 3 at high temperatures. 38
A r -Ah0 3 phase has also been reported to form in pure Ah0 3 when rapidly cooled by
methods including splat quenching and flame spraying and quenching between cold
surfaces. 37 •39- 41
Additionally, the o:-Ah0 3 is the thermodynamically stable polymorph relative
to 5, {, and K:-Ah0 3 phases at all temperatures up to its melting point. Therefore
the polymorphs are considered metastable, and achieve a true stability relative to
corundum to the extent that they can incorporate other oxides or elements into their
structure. 42 This implies that the 1-Ab0 3 phase is only being formed with a small
amount of MgO present in the system, resulting in a composition that could be
considered spinel solid solution.
2.3.4.

Implications for the Mg0-Al 2 0

3

Phase Diagram.

The

metastable spinel solid solution region defined by the current research between 1500
and 1700°C incorporates the majority of the solvus line data determined by previous researchers. Additionally, it was determined that solid solution formation was
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kinetically unfavorable at 1600°C even after 448 hours for compositions within the
equilibrium solid solution region when over heating was not performed. This could
lead one to prematurely conclude that the solid solution formation was complete. The
adjusted composition for the solvus (96.2 wt% Ah0 3 at 1925°C) by Roy 9 and the
spinel solid solution formation up to 98 wt% Ab0 3 by Sarjeant, 37 also suggests that
the eutectic determined by Viechnicki 35 more likely defines a minimum in melting
rather than a eutectic. The original phase diagram suggests that Sarjeant would have
formed Al 20 3 grains upon cooling through the Ah0 3 plus liquid region, and then
formed eutectic crystals upon complete solidification, as seen in Figure 9a. However, with the proposed changes the microstructure would form spinel solid solution
grains upon cooling through the spinel solid solution plus liquid region and grow until
complete solidification occurred, as seen in Figure 9b.
Additionally, there are data that indicate a continuous solidus rather than
eutectic formation.

The data by Viechnicki defining the solidus are presented in

Figure 10. Viechnicki claims the limit of solubility of Ah0 3 in spinel is fixed at 93.5
wt% Al203, but this was not investigated in his study. However, other compositions
indicating the onset of melting that were disregarded by Viechnicki are considered here
as defining the solidus. Viechnicki defined the eutectic at 1975°C at a composition of
96 wt% Ah03.
Several researchers have eluded to the possibility of an infinite solid solution
at high temperatures. 18 ,37,38 Additionally, Colin suggests the formation of a stable
{'-Al203 phase is only possible in the presence of other oxides or elements, in this
case MgO. The necessity of MgO in the system to form a stable {'-Ah0 3 would lead
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to the conclusion that there must be some extent of solid solution forming in Ab0 3 .
While there was no experimentation above 1700°C during the current study, Smith's
combined phase diagram has been adjusted to fix the solvus line to accomodate t he
current research , the work of P anda and Raj, as well as the adjustment to Roy's solvus
composition at 1925°C. Additionally Viechnicki's data on the liquidus and solvus
have b een incorporated in t he diagram defining a minimum in melting. The spinel
solid solution region is expanded to an infinite solid solut ion at high temperatures
accounting for Sarjeant's solid solution formation at 98 wt% Ab0 3 and Roy's solvus
data extending past the minimum in melting composition. Figure 10 shows t he solvus
data from Roy agrees well wit h the trend defined by the current research defining the
solvus at 1500, 1600, and 1700°C. Additionally, the solvus line must begin to decrease
but the local maximum has not been defined in this study. The Mg0-Al2 0 3 phase
diagram is presented in Figure 11 with all of the proposed changes.

2.4. CONCLUSIONS

1. The solvus line on the Al 2 0 3 rich side of the MgAb0 4 solid solut ion region

defined by Panda and R aj 33 was confirmed and extended to 1700°C.
2. A demarcation between metastable MgAb0 4 solid solution (analogous to a
nucleation and growth region) and Al2 0 3 precipitation (analogous to spinodal
decomposition) was defined between 1500 and 1700°C.
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3. The solubility limit of Ab0 3 in MgAb0 4 extends beyond the 94 wt% Ab03

originally suggested by Roy et al. 9 to 96.2 wt% Al 2 0 3 which appears to be
beyond the defined eutectic composition.
4. Coupled with Sarjeant's observations at 98 wt% Al 2 0 3, 37 the totality of data
from previous researchers, and the current study, the Mg0-Ab0 3 phase diagram must be different than previously indicated in the literature. An infinite
solid solution region between MgAb0 4 and Ah0 3 must exist at elevated ternperatures.
5. Infinite solid solution implies that a-Ah0 3 must transform into a cubic spinel
structure (!'-Ah0 3); however, this may not occur in the pure Ah0 3 system as
it seems to require a small amount of MgO to stabilize the spinel structure.
6. A diagram including all of the proposed changes has been included.

The solvus line between MgAl 2 0 4 and Ah0 3 has been further defined and is in good
agreement with Panda and Raj. A metastable region has been defined at temperatures
up to 1700°C which could have significant implications for material processing and
properties. Additionally, initial processing could have major implications on final
chemistry. The same starting composition can either form a final chemistry of single
phase spinel super-saturated solid solution or a two-phase spinel solid solution and
corundum.
The spinel solid solution region has been extended to form an infinite solid
solution with Ab0 3 at elevated temperatures. A minimum in melting at 1975°C and
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a chemistry of 96 wt% Alz0 3 rather than a eutectic is present. It can be predicted
that eutectic crystals would not form during solidification.
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Table 1. Reported powder specifications

Particle Size (!-lm)
Specific Surface Area (m 2 /g)
Impurities (ppm)
Na
Si
Fe
Ca

K

MgAh04
S30CR
0.409
27.3

Ah03
CR30F
0.38
23.3

MgO
M30CR
1.35
28

13
22
11
4
30

14
21
4.3
4.2
25

10
13
11
7
28

Table 2. Expected final phases for the two-phase region after heat treatment

1500°C

Starting Composition
MgO
Ab03
(wt%)
(wt%)
14.9
85.1
14.0
86.0
12.3
87.7
2.8
97.2
1.4
98.6

Expected Spinel Chemistry
Ab03
(wt%)
83.9
83.9
83.9
83.9
83.9

Expected Final Phases
Al203
MgAb04(ss)
(wt %)
(wt%)
92.5
7.5
87.0
13.0
76.4
23.6
17.4
82.6
8.7
91.3

1600°C

14.0
13.4
12.9
12.3

86.0
86.6
87.1
87.7

85.2
85.2
85.2
85.2

94.6
90.5
87.2
83.1

5.4
9.5
12.8
16.9

1700°C

12.9
12.3
11.7
11.2
10.6

87.1
87.7
88.3
88.8
89.4

86.6
86.6
86.6
86.6
86.6

96.3
91.8
87.3
83.6
79.1

3.7
8.2
12.7
16.4
20.9

>-'

tV
0

Table 3. Actual final phases present in the two-phase region after heat treatment
Lattice Parameter
MgAh04(ss)
(±o.ooo5 A)
8.012
8.028
8.029
8.030
8.031

Spinel Chemistry
Calculated from Lattice Parameter
(wt% Ab03)
82.7
80.2
80.1
79.9
79.8

1600°C

8.007
8.009
8.009
8.011

83.6
83.3
83.3
83 .0

85.4
80.6
76.8
72 .1

14.6
19.4
23.2
27.9

1700°C

7.985
7.986
7.987
7.988
7.989

87.1
86.9
86.7
86 .6
86.5

99.7
93 .8
88.4
83.4
78 .7

0.3
6.2
11.6
16.6
21.3

1500°C

Calculated Final Phases
MgAh04(ss)
Ab03
(wt%)
(wt%)
86.1
13.9
29.3
70.7
61.7
38.3
14.1
85.9
7.0
93.0

f-'

tv
f-'
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Table 4. Summary of solvus and metastability compositions
Temperature

(OC)
1500
1600
1700

Solvus
(wt% Ah03)
79.8
83.0
86.5

Metastability
(wt% Ab03)
83.9
85.2
87.1
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III. THERMAL PROPERTIES IN THE MgAb04 -Ab0 3 SYSTEM
K. R. O 'Hara

J.D. Smith
J. G. Hemrick

ABSTRACT
Thermal difi"usivity in the MgAb0 4 -Al 2 0 3 system was studied. The lowest thermal
difFusivity, 0.0258±5% cmjs, was measured between 79.8 and 83. 9 wt% Al 2 0 3 . The
chemistries in this range all extend past the solvus. Beyond 83.9 wt% Al 2 0 3 a significant increase in the thermal difi"usivity, 11. 7%, was observed. This increase in
thermal difi"usivity is attributed to a sudden precipitation of Ab0 3 through spinodal
decomposition.

3.1. INTRODUCTION
The magnesia-alumina system includes materials used in industrial applications including cat alyst-supports, refractories, abrasives, transparent ceramics, and
radiation-tolerant ceramics. 1- 7 One stable compound, spinel (MgA1 2 0 4 ), exists in the
system. Phase diagrams in the open literature show significant solid solution of eit her Ab0 3 or MgO in MgAb0 4 forming above 1400°C. s,g The efFect of two dispersed
phases on thermal conductivity has been studied between MgO and MgAb0 4 by
Kingery et al. 10 , 11 Norton and Kingery 10- 12 showed a decrease in t he t hermal conductivity as MgA12 0 4 content increased , and attributed this solely to t he opening
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of grain boundary fissures due to the mismatch in thermal expansion b etween t he
two end members. At the time, no solid solutions were reported to form in t he
MgO-MgAh04 system and X-ray patterns showed no changes as a function of composition. 13 Solid solution formation exists at both end members, MgO and MgAh0 4 ,
as can be seen in diagrams post 1956. Therefore, the decrease in thermal conductivity can also likely be attributed to solid solut ion formation at both end members;
however, there is minimal discussion in the literature on t he effect of solid solution
on thermal conductivity in the MgO- Ah0 4 system as a whole.
Thermal conductivity is often determined from the thermal diffusivity and
heat capacity of a material. T hermal diffusivity is the measure of t he rate at which
temperature travels from one point in a body to another. Thermal diffusivity (a) is
related to thermal conductivity from the equation

(1)

where K is t hermal conductivity, CP is heat capacity at constant pressure, and p
is the density of the material. T he laser flash technique is used during the current
investigation.
Materials with low emissivity and/ or absorption require a graphite coating to
increase the energy absorbed on the laser side, as well as to increase the temperature
signal on the backside of the sample. 14 Additionally, if the material is transparent
to the infrared then a metal coating is typically applied to both sides, preventing
penetration of the laser beam into the front side of t he sample and prevents t he

125
viewing of theIR detector into the sample on the backside. If the sample does not have
a metallic coating on the front side an artificially high thermal diffusivity is measured.
This results from the heat pulse forming at some unknown depth within the sample
resulting in a smaller effective sample thickness. 15 A schematic representing the effect
of a metallic coating on an infrared transparent specimen is shown in Figure 1.
In this paper , trends in the thermal properties for the Mg0-Ab0 3 system
are discussed in terms of the measured thermal diffusivities, and it is expected that
the trends would hold true for thermal conductivity provided accurate heat capacity
data. While laser flash allows measurement of heat capacity the data often does not
correlate to DSC measurements for low thermal conductivity oxides.

3.2. EXPERIMENTAL PROCEDURE
Alumina (CR30F) and spinel (S30CR) powders (Baikowski, Inc., Charlotte,
NC) were calcined at 1100°C for 15 minutes then held in a drying oven at 150°C
until being used for sample preparation. Starting materials were high purity and
average particle size and specific surface area were reported by Baikowski, Inc. for
the obtained lot of powders (Table 1). Ratios of MgAl 2 0 4 and Ab0 3 were made to
bracket the solvus curve between the MgAb0 4 solid solution region and the MgAb0 4 Ah03 two phase region. The various ratios were mixed for 20 minutes with a mortar
and pestle in ethanol to ensure intimate mixing then uniaxially pressed at 35 MPa
(5000 psi), in a one inch die resulting in a thickness before sintering of a 1/2 inch.
Each specimen was set on a sacrificial setter of the same composition to minimize contamination from the setter during heat treatment. Following the heating
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schedule presented in Paper 2 (Figure 3, the samples were heated to 1700aC for 2
hours then cooled to either 1500aC or 1600°C, held for 8 hours and air quenched
(>100°C/minute).

The compositions quenched from 1700°C were first heated to

1750aC for 2 hours and cooled to 1700°C for 8 hours before quenching. All samples
were processed in air at one atmosphere in an electrically heated front loading furnace (DT-33, Deltech Inc., Denver, CO). Specimens were cut into 12.7 mm squares
and surface ground to thicknesses less than 1 mm, and polished to a 45 f.-LID finish
for thermal diffusivity measurements. Specimens were gold sputter coated using a 60
rnA plasma current under an argon atmosphere at a working distance of 50 mm and
a working pressure of 0.05 mbar for 225 s, resulting in a thickness of approximately
125 nm gold on each side (Bal-Tee Med 020 Coating System). The specimens were
then coated using a graphite spray on the backside of the specimen (for room temperature measurements) to increase absorption of the laser radiation and to ensure
nontransparency between the specimen and the laser on the front side, and emission
of backside radiation. Additionally, the graphite coating is used to ensure similar absorption between the standard and the sample when measuring heat capacity using
the laser flash technique.
Representative samples were crushed into a powder (-325 mesh) for x-ray powder diffraction to determine the degree of solid solution formation (XDS 2000, Scintag
Inc., Cupertino, CA). A scan between 6° through 90° with a step size of 0.02626° and
a scan speed of 0.04775° /s was performed. The Rietveld method was used to quantify
the lattice parameter change using full pattern refinement collected from standardless
XRD patterns (Riquas , Materials Data, Inc. , Livermore, CA). The measured lattice
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parameter for MgA1204(ss) was used to determine the final chemistry of the reaction
using the inverse lever rule for specimens with two phases present.
Thermal diffusivity values were obtained using the laser flash technique (Cryo
2000 and FL5000, Anter Corp., Pittsburgh , PA) (ASTM E1461-07 16 ) . The half rise
time of the pulse applied to one side of the specimen from a Nd-glass laser was
measured, and thermal diHusivity values were calculated. An average difl:"usivity value
was obtained from three laser shots at each temperature. Temperature data were
collected before and after the 200 p,s laser pulse at an acquisition rate of 15 kHz.
Thermograms resulting from the laser pulse were fit with the instrument software to
obtain the half rise times. A Clark-Taylor approximation was used to account for
heat losses from the specimen. Room temperature values were measured in the Cryo
2000 unit and temperature was measured using a thermocouple. The specimen was
then coated with graphite on the front side and the diffusivity was analyzed at 100°C
increments between 200°C and 800°C under 160 kPa ( 1.57 atm) argon.

3.3. RESULTS AND DISCUSSION

Several compositions were investigated for each quenching temperature, spanning the single phase MgAb0 4 solid solution region, the metastable single phase
MgAb0 4 solid solution region, and the two phase MgA1 20 4-a-Ab0 3 region. The
compositions investigated in this study are shown in Figure 2, on the relevant portion
of the Mg0-Ab0 3 phase diagram. 17 Each specimen was visually examined for macrocrack damage due to thermal shock before proceeding with measurements. Thermal
shock of fully dense specimens large enough for laser flash becomes increasingly more
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difficult as quenching temperatures increase. Approximately 50% success rate was
obtained for samples used in this study.
Bulk densities were measured using Archimedes' technique in water for all
specimens. For the specimens without Al 20 3 as a second phase, the crystal density, p
(g/cm3 ), was determined using the linear fit equation for crystal density, 17 p, defined
by

(2)

The lattice parameter for the MgAl20 4 solid solution was determined using Rietveld
refinement on X-ray diffraction patterns. The lattice parameters are reported in
Table 2. The percentage of porosity present in the specimen was calculated from the
bulk and theoretical densities.
The lattice parameter for the MgAb0 4(ss) present in specimens processed
in the two phase region of MgAh0 4 solid solution and Ab0 3 was determined using Rietveld refinement on X-ray diffraction patterns. The crystal density of the
MgAl204(ss) was then calculated Equation 2. Additionally the MgAb0 4(ss) camposition was calculated using the relationship presented by several authors 18- 21 and
recently confirmed by O 'Hara et al. 17 The lattice parameter, MgAb0 4(ss) crystal
density and composition are presented in Table 3.

a(A) = 8.6109 + 23.7195n
1 +3n

(3)
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The theoretical densities for the specimens in the two phase MgA1 2 0 4 solid
solution and a-Ab0 3 region were determined using a rule of mixtures from the crystal
density of the spinel present and the theoretical density of Ah0 3 (3.984 gj cm3 ), and
are presented in Table 4 with the volume percent porosity.
The thermal diffusivities for specimens quenched from 1500°C as a function of
Al 2 0 3 content are shown in Figure 3 for various temperatures up to 800°C. Thermal
diffusivity data were collected every 100°C from 200°C to 800°C. The data were
corrected for linear thermal expansion at each temperature using an average thermal
expansion of 9.5

X

lQ- 6

;oc.17

The equilibrium single phase region (between 71.67 wt% Ab0 3 and 79.8 wt%
Ab0 3 ) at 1500°C shows a decrease in thermal diffusivity as a function of increasing
solid solution content at temperatures up to 600°C as seen in Figure 3. The mean
free path caused by thermal scattering decreases rapidly wit h temperature, resulting
in a minimal effect of impurities at elevated temperatures. According to Abeles 22 the
effect of solid solutions on t he thermal resistance of a material can be explained by
t he increase in point imperfections caused by the presences of guest atoms (different
mass, size and coupling force to the neighbors) in the host cryst al. The effect of
solid solutions in systems t hat form infinite solid solution (MgAb0 4 -MgGa 2 0 4 , MgONiO, Ab0 3 -Cr2 0 3 , Th0 2 -U2 etc.) 17,23 ,24 have shown that the initial int roduction
of the guest atom contributes the greatest amount to the decrease in the thermal
conductivity, and the efFect eventually b ecomes minimal.
paths for different scattering processes are additive

The inverse mean free

130
1

1

4otal

4hermal

-=

+

1

+ ...

(4)

limpurity

where l is the mean free path. Ultimately, the effect of solid solution impurities on
decreasing thermal conductivity are greatest in simple lattices and at low temperatures, when significant thermal scattering reduces the mean free path. 23 This same
concept can be applied to the increased concentration of impurities becoming less and
less effective at decreasing the thermal conductivity.
The thermal difFusivity appears to be independent of Ah0 3 content in the
region between 79 .8 wt% Ah0 3 and and 83.9 wt% Al 20 3 where a metastable MgAl 20 4
solid solution 17 is present as seen in Figure 3. Just as impurities become less and less
effective at elevated concentrations, the super-saturation of Ah0 3 in MgAl 20 4 might
not be expected to further decrease thermal diffusivity, an effect that is observed
in Figure 3. Specimens quenched from 1600 and 1700°C also showed a minima in
the same range, and extended to the boundary of the metastable region formed at

1600°C (85.2 wt% Al 20 3), the average diffusivities for all compositions processed in
this range are reported in Table 5. All the data were within 5% deviation, which is
within the error of the thermal diffusivity measurement.
Trend lines have not been included in Figure 3 due to the changes occurring
near the high Al 20 3 portion of the metastable MgAl 20 4 solid solution region. Trend
lines would be inappropriate where the single phase metastable MgAh0 4 transitions
into two phases, equilibrium MgAl 20 4 and Ab0 3, at which point the amount of Al 20 3
does not increase slowly, but rather a sudden precipitate yields as much as 20 wt%
Ah03 at a composition that contains an additional! wt% Ah0 3. The trend could be
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theorized to decrease as expected to the end of t he metastable region, and then have
a sudden jump in thermal diffusivity at the boundary between metastable MgAh0 4
and the two phase region due to the large amount of Ah0 3 present.
The average thermal diffusivities as a function of temperature are shown in
Figure 4. Once Ab0 3 is present as a second phase the thermal diffusivity increases
as a function of increased Ah0 3 content.

The presence of Ah03 as a dispersed

second phase results in an increase in thermal diffusivity as a result of adding a second phase with a higher thermal diflusivity than the matrix (0.111 cm2 /s at room
temperature 25 ). Figure 4 shows the t hermal diffusivity for a sample with a starting composition of 87.71 wt% Ah0 3 quenched from 1500°C, a 2.51 wt% addition
from the complete solid solution region where the diffusivity was at a minimum. The
average thermal diffusivity for compositions within the metastable MgAh04 region
independent of processing temperature was 0.0258±5% cm/s while a chemistry containing 87.71 wt% Al2 0 3 has a diffusivity of 0.0292 (cm/s), an increase of 11.7%.
The dramatic increase in thermal diffusivity with a 2.51 wt% addition of Ab0 3 can
be explained by the large amount of Ab0 3 that precipitated after crossing t he nucleation and growth barrier. Ultimately, the final chemistry actually had 38.3 wt%
Ab03 present, which caused the increase the thermal diffusivity.
Phase maps for a representative composition (83.46 wt% Al 2 0 3) quenched
from 1500°C within the metastable solid solution region are shown in F igure 5. The
mapping shows an even distribution of magnesium and aluminum throughout t he
specimen, indicating complete solid solution, confirming x-ray analysis.
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Phase maps of a composition containing 85.1 wt% Ab03 quenched from 1500°C
show significant precipitation of Al2 0 3 as shown in Figure 6. The large Ab0 3 precipitates confirm the calculated chemistry (13.9 wt% Ab0 3) based on the spinel lattice
parameter, and further explains the 11.7% increase in thermal diffusivity with a 2.51
wt% addition of Ah03.

3.4. CONCLUSIONS
Thermal diffusivity decreases as a function of Ab0 3 content throughout t he
MgAl2 0 4 solid solution range, between 71.67 wt% Al2 0 3 and 79.8 wt% Al2 0 3. A
minimum in thermal diffusivity, 0.0258±5% cmjs, is reached throughout t he super
saturated MgAb0 4 solid solution region (79.8-83.9 wt% Ab0 3), where excess Ab0 3
in solid solution appears to have minimal effect on decreasing t he t hermal diffusivity.
However, after crossing into the t wo phase region (> 83.9 wt% Ab0 3) a significant
increase in the thermal diffusivity, 11 .7%, occurs with only 2.5 wt% addition of Al2 0 3.
The large increase in thermal diffusivity can be explained by the large change in
chemistry in the final material due to spinodal decomposition .
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Figure 5. Scanning electron image of spinel solid solution with 83.46 wt% Ah0 3 showing (b) presence of magnesium and (c)
presence of aluminum throughout the specimen.
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Figure 6. Phase map of a specimen containing 85.16 wt% Al 2 0 3 quenched from
1500°C showing regions without magnesium present (13.9 wt% Al 2 0 3 as second
phase) . Mg = red and Al = blue.

141

Table 1. Reported powder specifications

Particle Size (J.Lm)
Specific Surface Area (m2/ g)
Impurities (ppm)
Na
Si
Fe
Ca
K

MgAl204
S30CR
0.409
27.3

Al203
CR30F
0.38
23.3

13
22
11
4
30

14
21
4.3
4.2
25

Table 2. Single phase solid solution propert ies

1500°C

Starting Composition
MgO
Ah03
(wt%)
(wt%)
22.94
77.06
18.79
81.21
18.51
81.49
82.06
17.94

Lattice Parameter
MgAl204(ss)
(±o.ooo5 A)
8.045
8.020
8.018
8.016

Bulle Density

Crystal Density

Porosity

(g/cm3)
3.54
3.54
3.56
3.57

(g/cm3)
3.598
3.608
3.608
3.610

(%)
1.5
1.9
1.4
1.2

1600°C

20.25
19.69
17.67
14.84

79.75
80.31
82.33
85.16

8.031
8.027
8.013
7.997

3.55
3.56
3.56
3.57

3.604
3.605
3.610
3.617

1.4
1.3
1. 3
1.3

1700°C

17.67
16.82
16.64

82.33
83.18
83.46

8.013
8.009
8.007

3.57
3.57
3.56

3.610
3.612
3.613

1.1
1.2
1.6

f-"
~

tv

Table 3. Measured lattice parameter for MgAh0 4 solid solution, with an error of ±0.0005 Ain the two phase region

1500ac

Starting Composition
MgO
Ab03
(wt%)
(wt%)
13.99
86.01
12.29
87.71

Lattice Parameter
MgA1204(ss)
(A)
8.029
8.029

Crystal density
MgAb04(ss)
(g/cm 3 )
3.605
3.604

Spinel Chemistry
from Lattice Parameter
(wt% Ah0 3 )
80.2
80.1

1600°C

13.43
12.29

86.57
87.71

8.009
8.011

3.612
3.611

83 .3
83.0

1700°C

11.72
10.59

88.28
89.41

7.987
7.989

3.620
3.620

86 .6
86.5

f-'

w
"""

Table 4. Densities of samples in the MgAh0 4 solid solution and Ah0 3 two phase region

15ooac

Calculated Final Phases
MgAh04(ss)
Ah03
(wt%)
(wt%)
70.7
29.3
61.7
38.3

Bulk Density

Theoretical Density

Porosity

(g/cm3)
3.59
3.67

(g/ cm3 )
3.716
3.750

(%)
3.5
2.1

1600°C

76.8
72.1

23.2
27.9

3.58
3.66

3.698
3.715

3.3
1.4

1700°C

83.4
78.7

16.6
21.3

3.59
3.64

3.680
3.697

2.5
1.5

>--'
..,..
..,..
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Table 5. Average thermal diffusivities for single phase samples between 79.8 and 85 .2
wt% Ab0 3 with a ±5% error
Temperature

(DC)
25
200
300
400
500
600
700
800

Average Diffusivity
(cm 2 js)
0.03939
0.02223
0.01867
0.01641
0.01503
0.01379
0.01320
0.00128
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3. SUMMARY AND CONCLUSIONS

Both finite and infinite solid solution effects on the thermal properties of
MgAh0 4 were studied in the current research. Magnesium aluminate spinel was
chosen as the base spinel for the research because of the widespread use in industrial applications such as catalyst-supports, refractories, abrasives, transparent, and
radiation-tolerant ceramics. Phase equilibria focusing on the the MgAb0 4-Al203 region of the Mg0-Ab0 3 phase diagram was also investigated at temperatures above

1500°C in order to better understand the changes in the thermal properties in t he
system.
Magnesium gallate spinel was used for the investigation of solid solution effects
on thermal properties. The high melting temperature (2223± 75°C) and ability to
form an infinite solid solution with MgAh0 4 were critical in order to not decrease the
use temperature of the final product and to fully understand the effects of extensive
solid solution formation. Additionally MgGa20 4 forms a partially inverse spinel, i

= 0.5-0.6, allowing for various defects (GaM9 , GaA_1,

Mg~ 1 , AlM9 ) to form during

solid solution, increasing the impact on thermal conductivity through promotion of
scattering.
The thermal diffusivity of solid solutions between MgAh0 4 and MgGa204
were measured using the laser flash technique. The laser flash technique can also
be used to measure the specific heat capacity of a material using a known standard
for. comparison. Large variations/discrepancies in the data led to investigating the
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heat capacity of the various solid solutions using differential scanning calorimetry
(DSC). Compositions including 100, 95, 90, and 50 mol% MgAh0 4 were investigated
to determine how the extent of solid solution formation effects thermal properties.
Porosity corrections were also done to reflect the thermal conductivity of a dense
body. The Maxwell-Eucken technique was used to correct the stoichiometric MgAh0 4
data to 100% density, and the fitting parameter, (3, for temperatures determined
between 200 and 800aC was determined using a least squares fit. The (3 values trended
linearly with temperature, allowing for a fitting parameter to be approximated for
temperatures above 800°C. Thermal diffusivity measurements using the laser flash
technique and heat capacity measurements from DSC reveal solid solution between
MgAh0 4 and MgGa 2 0 4 significantly decreases thermal conductivity up to 1000°C.
At 200°C the thermal conductivity decreased 24% with 5 mol% addition of MgGa 2 0 4
to the system, while at lOOOaC the thermal conductivity decreased 13%. The solid
solution effects on both heat capacity and thermal diffusivity were modeled as a
function of both temperature and composition. Steady state calculations showed a
12.5% decrease in heat flux with 5 mol% MgGa 2 0 4 considered across a 12 inch wall,
leading to potential energy savings in high temperature vessels.
Solid solution formation in spinel based systems proved to be a viable approach
to decreasing thermal conductivity, with the greatest impact occurring with up to 10
mol% addition of a second phase.

The decrease in thermal conductivity ultimately

resulted in a decrease in heat flux when applied to a theoretical fumace lining, which
could lead to energy savings in industrial settings.
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Research also focused on the Mg0-Ab0 3 system and the extensive MgAl 2 0 4
solid solution region with Al 2 0 3. The Mg0-Al 2 0 3 system has been studied extensively and several phase diagrams have been proposed and modified since Rankin
proposed a diagram in 1916. The current accepted diagram shows significant solid
solution of Al 2 0 3 in MgAb0 4 forming above 1400°C. Complete understanding of the
phase equilibria in a system is of great importance in microstructure development and
therefore material properties. Initial testing showed a potential discrepancy on the
Ab03 rich side of the MgAb0 4 solid solution region. Ultimately, the investigation
led to defining an apparent nucleation and growth region and transition to spinodal
decomposition region between 1500 and 1700°C in the MgAb0 4 -Ab0 3 system. The
solvus line on the Al 2 0 3 rich side of the MgAb0 4 solid solution region defined by
Panda and Raj was also confirmed and extended to higher temperatures. After defining a nucleation and growth to spinodal decomposition transition in the MgAb0 4
system, further investigation of previous research was compiled in order to propose
a complete phase diagram representing all data collected in the current effort as well
as previous authors. The solubility limit of Ab0 3 in MgAb0 4 was determined to
extend beyond the 94 wt% Ab0 3 value originally suggested by Roy et al. based on
his own lattice parameter of the spinel solid solution. The spinel lattice parameter
indicated by Roy should have resulted in an Ab0 3 content of 96.2 wt% as apposed
to the 94 wt% that was reported. The 96.2 wt% Ab0 3 value extends beyond the eutectic defined by Viechnicki. Coupled with Sarjeant's observations at 98 wt% Ah03
indicating a single spinel phase being present after splat quenching, the totality of
data indicated that the Mg0-Ab0 3 phase diagram must be different than previously
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indicated. An infinite solid solution region between MgAlz0 4 and Al 2 0

3

must exist

at elevated temperatures implying that a-Alz0 3 must transform into a cubic spinel
structure ('y-Al2 0 3 ) at elevated temperatures. This may not occur in the pure Alz0 3
system as it seems to require a small ( < 1 wt% MgO) amount of MgO to stabilize
the cubic structure. The formation of an infinite solid solution implies that a eutectic
does not form between MgAlz04 and Alz0 3 , but rather a minimum in melting exists . The eutectic composition and temperature defined experimentally by Viechnicki
indicated the minimum in melting at 1975°C and a chemistry of 96 wt% Alz0 3 .
Defining a nucleation and growth/ spinodal decomposition region in the system
has significant implications on final properties. Deviations in processing temperature
of chemistry could have significant impact on the resultant microstructure, which in
turn would effect the material properties.
Nonstoichiometric MgAlz0 4 with various additions of Alz0 3 was also studied
to determine the effect on thermal properties. Thermal diffusivity decreases as a
function of Alz0 3 content between 71.67 wt% Al2 0 3 and 79.8 wt% Alz0 3 . At which
point a minimum in t hermal diffusivity, 0.0258± 5% cm/s, is reached. The thermal
diffusivity remains constant throughout the nucleation and growth region, until Al 2 0 3
precipitates as a second phase. The thermal diffusivity then increases by 11.7% with a
2.5 wt% addition of Al2 0 3 . T he large increase in thermal diffusivity can b e explained
by the large change in chemistry in the final material due to spinodal decomposition.
A minimum in thermal diffusivity in the MgAlz0 4 -Alz0 3 system can b e achieved
in the chemistry range between 79.8 and 85.2 wt% Alz0 3 if a metastable MgAlz0 4
solid solution is formed initially. The thermal diffusivity is expected to be higher in
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this range if the metastable solid solution is not formed, but instead Al 2 0 3 is present
as a second phase.
Understanding phase relations in spinel based systems is necessary to fully exploit the impact of additives to thermal properties. This dissertation demonstrated that
solid solution formation contributed to minimizing thermal diffusivityj conductivity
with small additions. Additionally this dissertation demonstrated the importance of
fully understanding the phase equilibria of a system when investigating other material
properties. The discovery of a nucleation and growth region in the
system should prove to be valuable in future material fabrication.

MgA~ 04 -A~ 0 3
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4. SUGGESTED WORK

Research presented in this dissertation demonstrates solid solution effects on
thermal properties in both finite and infinite solid solution syst ems. Phase equilibria
of the MgAb0 4 -Ab03 system was also investigated. Future work should fo cus on the
following 5 m ajor aspects to expand on the current research .
1. Solid solutions: T he ability to decrease thermal properties by adding solid
solution to the system was confirmed in t he presented research. T he effect of multicomponent solid solutions within the spinel system should be investigated to determine the limit of impact on decreasing thermal conductivity. Additionally, grain
boundary effects on thermal conductivity were not investigated in this study, however, there is potential for various grain sizes due to solid solution effects. The solid
solution effect on grain size should be investigated thru microstructure analysis.
2. High t emperature phase equilibria: A complete investigation of the literature and the finding of a region analogous to nucleation and growth /spinodal decomposit ion in the t he MgAb0 4 -Ab0 3 system has led to major changes in the phase
diagram for the system. The proposed changes at high t emperatures suggesting a
minimum in melting rather than a eutectic formation and an infinite solid solut ion
between MgAb0 4 and Al2 0 3 should be confirmed through experimentation. High
Ab0 3 compositions above the proposed minimum in melting should b e used to confirm infinite solid solution between MgAb0 4 and Ab0 3 at elevated t emperatures;
neither eutectic crystals or a -Ab0 3 precipitates should be present in this composi-
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tional range. High temperature X-ray diffraction could also prove to be beneficial in
confirming the changes.
3. Nucleation and growth/spinodal decomposition: The region of nucleation

and growth between 1500 and 1700° has been defined by the current research. Additionally, this nucleation and growth region has been seen experimentally down to
1400°C. Studies to determine the extent of the nucleation and growth region should
be invest igated below 1500°C. Experimentation should include reaction sintering the
compositions at elevated temperatures to form a complete solid solution, followed by
reducing to the desired hold temperature. Compositions within 1 wt% additions of
Al2 0 3 should be prepared in order to accurately det ermine the barrier between nucleation and growth and spinodal decomposition. High temperature X-ray diffraction
could also be beneficial in this study as a means to confirm complete solid solut ion
formation initially, as well as determining the kinetics of the reaction.
4. Manipulation of material properties: The nucleation and growth/ spinodal
decomposition region of the MgAb0 4 -Ab03 phase diagram poses major implications
on the effect of processing on t he final phases present in the system. The ability to
form very dist inct different final phases based on processing allows for manipulation
of the final properties, which should b e investigated. Addit ionally the implication
that eutectic crystals should not form in this system also may effect the final material
properties when processing from a melt.
5. Thermal properties within the nucleation and growth region: Thermal diffusivity for chemistries within t he nucleation and growth region of t he MgAb0 4 -Ab 0 3
phase diagram should be investigat ed aft er processing at 1500°C without initially heat
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treating at elevated temperatures. A two phase specimen with the same composition
as the previously investigated solid solution specimens would be expected to have
higher thermal dif!'usivities. Additionally, the thermal diffusivity at the boundary between the metastable MgAh0 4 region and the two phase region should be examined
to define the trend in the data after Ah0 3 precipitates.
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APPENDIX

HEAT CAPACITY BY DIFFERENTIAL SCANNING CALORIMETRY
AND THE LASER FLASH TECHNIQUE

The heat capacity for six specimens using stoichiometric MgAh0 4 prepared
using the co-precipitation method from MgCh·6H 2 0 and A1Cls·6H 2 0 (Fisher Scientific) as outlined in Paper 1 was measured using the laser fl ash technique. The
specimens used in Paper 1 were the same specimens used in this study. The advantage of using the laser flash technique is that the heat capacity and thermal diffusivity
can be determined simultaneously. This technique uses a laser to heat the specimen,
and an IR detector measures the temperature rise on the back face of the specimen.
The heat capacity ( Cp) is determined by comparing the heat required to raise the
temperature of the specimen to that of the reference material by equation 5

c

_ LR~TRPRc
p,m -

L

m

~T,
mPm

where L is thickness,

~T

p,R

(5)

is the relative temperature rise, and p is the density of the

material ( m) and reference (R). A molybdenum standard from the National Institute
of Standards and Technology (NIST) was used during experimentation.
Heat capacity was also determination using differential scanning calorimetry
(DSC) from representative powder samples of the stoichiometric MgAh0 4 prepared
from the same co-precipitation method as above. The specimens were sintered at
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1725°C for 8 hours under t he same condit ions as above and t hen ground into a
powder for DSC using the procedure from ASTM E1269-11 (TA Instruments, SDT
Q600, TA Universal Analysis software) . Heat flow calibration was performed based
on analyzing t he heat capacity of sapphire between 200°C and 1500°C to standardize
the resulting data. The analysis software compares t he measured heat capacity of
the sapphire disc to the literature values for t he temperature range of interest. The
calibration curve is then furt her refined t hrough t he cell constant calibration wit h zinc
(determining the heat of fusion and comparing t o literature value, 108.7 ± 2. 17 Jj g) .
Heat flow for the blank alumina cup and lid and the sapphire disc was measured each day prior to collecting experimental data. The heat flow data for the
blank alumina cup and sapphire disc were plotted daily to monitor any changes in
the heat flow data that might indicate the necessity to recalibrate the equipment
before proceeding. The heat flow data were collected three t imes to ensure accurate measurement, and the heat capacity was calculat ed inn accordance with ASTM
E 1269-11.
The ASTM standard for DSC reports a precision of ±6.2% for specimens
measured in the same lab oratory. The ASTM for thermal diffusivity using the laser
flash technique (ASTM E 1461-07) reports a precision of ±5% for t hermal diffusivity,
but explicitly states that t he precision levels for t hermal diffusivity do not imply that
t he specific heat capacity of t he specimen can be derived to the same level of precision,
since such derivations require input of values for other parameters. While t he level of
precision for determining heat capacity through the laser flash technique is not known,
the current research assumed that a precision equivalent to t hat determined through
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DSC would be acceptable. Therefore, a precision of ±6.2% was the minimum limit for
heat capacity data collected from the laser flash technique to be used in subsequent
calculations of thermal conductivity.
The average heat capacity measured from 200°C to 800°C by laser flash , DSC,
and from the NIST-JANAF tables for stoichiometric MgAh0 4 are reported in Figure 1. The data determined by DSC are in close agreement with the NIST-JANAF
tables and each measurement was within the ±6.2% range of precision reported by
the standard. However, the heat capacity determined by the laser flash technique
had an error between 13 and 15% depending on the temperature. Additionally, t he
average heat capacity was high compared to the NIST-JANAF tables even with such
high standard deviation.
The heat capacity for the MgAh0 4 -MgGa2 0 4 solid solutions studied in Paper
1 were also measured by both the laser flash technique and DSC. There was error in
measurement by laser flash upwards of 20%, while the error from DSC were all within
the acceptable limit of the ASTM standard. The laser flash technique has proven to
b e an insufficient means of determining the heat capacity of low thermal conductivity
ceramic oxides.
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